




PROJECT ADMINISTRATION DATA 
OCA contact: Brian J. Lindberg 
	
894-4820 
Sponsor technical contact 
	
Sponsor issuing office 
Security class (U,C,S,TS) 
Defense priority rating 	DO-A7 
Equipment title vests with: 	Sponsor 
NONE PROPOSED OR ANTICIPATED. 
10:28:45 
	




Project #:gE21 .!110 . 
 Center # : R6583T10 
Contract#:7F3g6gWZ:66g:Oia77 
Prime #: 
Subprojects ? : N 
Main project #: 
Sponsor/division names: IIR4ORCE ---- 
Sponsor/division codes: 104 
Award period: 	1093 
Sponsor amount 	New this change 
Contract value 	19,701.00 
Funded 	 19,701.00 
Cost sharing amount 
Does subcontracting plan apply ?: Y 
Rev #: 0 
OCA file #: 128 
Work type : RES 
Mod #: Document : TO 
Contract entity: GTRC 
Unit code: 02.010.118 
/ GRIFFISS AFB, NY 
/ 023 






Cost share #: E-21-393 
.Center shr #: F6583-T10 
IDP,,,ESPeK,f°rm" ce 
GERARD J. BROWN/PKRM 
(315)330-7060 
ROME AIR DEVELOPMENT CENTER 
DIRECTORATE OF CONTRACTING (PKRM) 
GRIFFISS AFB, NY 13441-5700 
ONR resident rep. is ACO (Y/N) 
GOVT supplemental sheet 
GIT 
Administrative comments - 
DELIVERY ORDER FULLY FUNDS TASK NO. E-8-7161 (UNIV OF SOUTHERN CALIF 
$1,746 COST-SHARING REQUIRED BY SUBCONTRACTOR. 
GEORGIA INSTITUTE OF TECHNOLOGY 
OFFICE OF CONTRACT ADMINISTRATION 
NOTICE OF PROJECT CLOSEOUT 
Closeout Notice Date 03/30/90 
Project No'. E-21-T10 	 Center No. R6583-T10 	 
Project Director JOY E B 	School/Lab EE 	  
Sponsor AIR FORCE/GRIFFISS AFB, NY 	  
Contract/Grant No. F30602-88-D-0025-0010 	 Contract Entity GTRC 
Prime Contract No 	  
Title RADIATION FIELD OF OFFSET DUAL REFLECTOR ANTENNAS 	  
Effective Completion Date 890630 (Performance) 890731 (Reports) 
Date 
Closeout Actions Required: 	 Y/N Submitted 
Final Invoice or Copy of Final Invoice 
Final Report of Inventions and/or Subcontracts 
Government Property Inventory & Related Certificate 
Classified Material Certificate 
Release and Assignment 
Other 
Comments 
Subproject Under Main Project No. 	  
Continues Project No. 	  
Distribution Required: 
Project Director 
Administrative Network Representative 
GTRI Accounting/Grants and Contracts 
Procurement/Supply Services 
Research Property Managment 
Research Security Services 
Yep6rts ,-Coordinator (OCA) 
GTRC 
Project File 
Other 	  
N 
NOTE: Final Questionnaire sent to PDPI.. 
Jim Wasielewski. RADC/RBC 
search Administrator 
FINAL REPORT - TASK E-8-7161 






GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF ELECTRICAL ENGINEERING 
ATLANTA, GEORGIA 30332 
TELEPHONE: (404 ) 894. 
 
 
January 26, 1990 
MEMORANDUM 
 
    
Attached is a draft copy of subject above. A typed copy will be 
submitted as soon as completed. Please call if you have 
questions or need additional information. 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 
AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 
DEPARTMENT OF ELECTRICAL ENGINEERING 
ELECTROPHYSICS 
October 16, 1989 
Ms. Kathy Knighton 
Georgia Institute of Technology 
School of Electrical Engineering 
Atlanta, Georgia 30332 
Dear Ms. Knighton: 
At long last we have completed the final report of Award No. E-21-
T10-81. It is currently in final typing. In the meantime I am 
forwarding you the rough copy in case you wish to make use of it. 
The final version will be mailed to you as soon as it is ready. 
Sincerely. 
W.V.T. Rusch 
Professor, Electrical Engineering 
WVTR/drc 
cc: A. Prata, Jr. 
UNIVERSITY OF SOUTHERN CALIFORNIA, UNIVERSITY PARK, LOS ANGELES, CALIFORNIA 90089 
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C PROGRAM OFRADC.FOR 
C 
C THIS PROGRAM COMPUTES THE FOCAL REGION FIELDS OF AN OFFSET CASSEGRAIN 
C OR GREGORIAN REFLECTOR ANTENNA, OR A PARABOLIC OFFSET REFLECTOR, WHEN 
C ILLUMINATED BY A TAPERED PLANE WAVE. 
C FOR THE FIELDS PRODUCED BY THE MAIN REFLECTOR, OPTION IS GIVEN TO USE 
C GO+GTD (THE FAST WAY) OR PO (THE VERY SLOW WAY). 
C PO SURFACE CURRENT INTEGRATION IS USED IN THE SUBREFLECTOR. 
C 
C INPUT DATA IS READ FROM FILE "OFRADC.DAT". 
C OUTPUT IS IN FILE "OFRADC.OUT" 
C OUTPUT FOR PROGRAM OFPARA.FOR IS IN FILE OFPARA.DAT 
C 
C A. PRATA JR. AND W.V.T. RUSCH - UNIVERSITY OF SOUTHERN 
C CALIFORNIA - 1985 
C 
C PROGRAM UPDATED IN JULY 1989 TO GENERATE PART OF THE DATA FILE REQUIRED 
C TO RUN CODE SORADC.FOR 
C 
C REFLECTOR PARAMETERS 
COMMON/REFPAR/D,F,DO,DS,FS,DOS 






COMPLEX EFXG(20,20),EFYG(20,20) ,EFZG(20,20) 
COMPLEX HFXG(20,20),HFYG(20,20) ,HFZG(20,20) 
COMPLEX CEFXG 
DIMENSION EFXGA(20,20),EFXGP(20 ,20),EFYGA(20,20),EFYGP(20,20) 
DIMENSION EFZGA(20,20),EFZGP(20 ,20),HFXGA(20,20),HFXGP(20,20) 






190 FORMAT(5X,'HXG=(',E10.4, 1 , 1 E10.4,')', 
* I HYG=(',E10.4, 1 1 ',E10.4, 1 ) 1 , 




C WRITING THE REFLECTOR PARAMETERS AND FOCAL REGION FIELDS ON DATA FILE 
C FOR PROGRAM OFPARA.FOR 
C 



















C THIS SUBROUTINE READS THE INPUT DATA FILE 'OFRADC.DAT', AND PUTS PARTS 
C OF IT ON 'COMMON'. IT ALSO DOES BOOKKEEPING. 
C 
C REFLECTOR PARAMETERS 
COMMON/REFPAR/D,F,DO,DS,FS,DOS 
C SUBREFLECTOR PARAMETERS 
COMMON/SUBPAR/ECCNT,FOCSUB,DELTAC,BETA,THTMAX 






C WRITING THE CONJUGATE OF THE FOCAL FIELDS, THE FIELD EXCITATION 
C COEFFICIENTS FOR PROGRAM "OFPARA.FOR" 
C 
DO 10 I=1,NXG 
















C THIS SUBROUTINE PARTIALLY CREATES THE FILE "SORADC.DAT", THE INPUT DATA 
C FILE REQUIRED TO RUN CODE SORADC. 
C 
C 
C REFLECTOR PARAMETERS 
COMMON/REFPAR/D,F,DO,DS,FS,DOS 





OPEN(UNIT=50,FILE='SORADC.DAT',STATUS= 1 NEW 1 ) 
C 

















C COMPUTING THE SUBREFLECTOR CENTER ANGLE AND ANGULAR EXTENSION, AS SEEN 























WRITE(50,*) ECENTR I FOCSUB,BETAD,ALFACD,THETED 
C 





C WRITING THE FIELD POINT POSITIONS AND CORRESPONDING CONJUGATE OF THE FOCAL 
C FIELDS--THE ARRAY ELEMENTS POSITION AND FIELD EXCITATION COEFFICIENTS FOR 
C PROGRAM "SORADC.FOR". SPECIAL CARE IS TAKEN TO ASSURE THAT EACH ELEMENT 
C POSITION IS NEXT TO THE PREVIOUS ONE, TO ASSURE THAT PROGRAM SORADC WILL 
C HAVE THE BEST POSSIBLE EFFICIENCY WHEN USING GTD OR GO 
C 





































C THIS SUBROUTINE CREATES THE FILE "OFPARA.DAT", WHICH HAS THE CASSEGRAIN 
C /GREGORIAN EQUIVALENT PARABOLIC REFLECTOR PARAMETERS AND FOCAL REGION 
C FEEDS. 
C 
C "OFPARA.DAT" IS THE IMPUT DATA FILE FOR THE PROGRAM "OFPARA.DAT", WHICH 
C COMPUTES THE FAR FIELDS RADIATED BY A PLANAR ARRAY OF FEEDS WITH 
C ARBITRARY POSITION AND ORIENTATION. 
C NOTE THAT THIS SUBROUTINE DOESN'T WRITE THE FILE OFPARA.DAT COMPLETELLY. 
C SOME LINES STILL MUST BE ADDED LATER BY THE USER OF OFPARA. 
C 
C REFLECTOR PARAMETERS 
COMMON/REFPAR/D,F,DO,DS,FS,DOS 
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Magnetospectral analysis of tunneling processes in a double-quantum-well tunneling structure 
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(Received 6 February 1989; revised manuscript received 24 August 1989) 
Using high magnetic fields to tune the Landau-level separation through phonon energies, we iden-
tify the off-selection-rule tunneling processes in an Al,,Ga „As/GaAs double-quantum-well tun-
neling structure. Different elastic and inelastic tunneling mechanisms are identified. The effective 
mass of the tunneling electrons is directly determined from the crossing point of the elastic and in-
elastic processes. We observe the field-induced suppression of the elastically scattered contribution 
to the peak tunneling current. An upper limit on the resonant part of the tunneling current is estab-
lished. 
MS code no. BBR4I 8B 1990 PACS number(s): 72.20.My, 73.40.Gk, 73.20.Dx 
It is ordinarily assumed that in quantum-well tunneling 
structures (QWT's), tunneling conserves energy and 
momentum transverse to the tunneling direction ( k i ). 
However, the experimental observation of a nonzero val-
ley current in QWTS's directly shows that tunneling via 
— selection-rule-disobeying processes takes place as well. 
Studies show that elastically scattered electrons can 
contribute to the tunneling current. l,2  In addition, 
features in the valley-current region of QWTS's (where 
only selection-rule-violating tunneling takes place) have 
been attributed to inelastic tunneling from the emitter 
into the well involving longitudinal-optical- (LO) phonon 
emission, or to (quasi-) elastic tunneling processes. 3-6 
 Tunneling processes can thus be classified as (quasi-) elas-
tic and inelastic mechanisms with or without k 1 conser-
vation. 
This work shows, though our experimental results and 
a simple description, which different selection-rule-
obeying and selection-rule-disobeying tunneling mecha-
nisms contribute to different portions of the current-
voltage (I-V) curves. A double quantum-well tunneling 
structure (DQWTS) was used to create a tunneling 
current (4) going from a two-dimensional electron gas 
(2D EG) in one well to a 2D EG in the other, giving 
well-defined initial and final states compared to a broad 
3D emitter energy range. ?  Our results show that at the 
external bias ( Vb ) equal to the peak bias voltage ( ), the 
magnetic field suppresses the k,-nonconserving portion 
of IT . The relative amount of non-selection-rule-obeying 
tunneling can be determined at Vp where ideally only 
- selection-rule obeying tunneling should occur. This per-
mits us to put an upper limit on the resonant (coherent) 
_ tunneling sought after in QWTS's. 5-10 
In the valley-current regime there is a B-induced 
enhancement of elastic-scattering-mediated tunneling at 
certain biases and magnetic field. We identify valley-
current features arising from elastic k i -nonconserving 
tunneling, and inelastic tunneling (for both k i -conserving 
and k 1 -nonconserving phonon-emission processes). The 
analysis of selection-rule disobeying tunneling is obtained 
from the B dependence of a feature's bias position. An 
effective tunneling mass is determined directly from the 
data without the use of a model describing voltage drops 
across the structure. 2' 11 
These experiments were conducted in the range 
0 <B< 30.5 T, and are to our knowledge the most de-
tailed magnetotunneling studies up to these high fields. 
At these high fields the cyclotron energy (up to 53 meV in 
GaAs at B=30.5 T) is much larger than the LO-phonon 
energies, permitting us to make a careful magnetospectral 
analysis of the different tunneling mechanisms. 
The DQWTS had well widths chosen so the lowest 
bound levels align at only one bias voltage (Fig. 1) at 
which tunneling occurs (under conservation of energy 
and k 1 ). The structure was grown by molecular-beam 
epitaxy and consisted of the following layers: an n + -type 
GaAs substrate, a doped 25-period (14 A/period) 
Alx Ga i „As/GaAs superlattice, a 0.7-12M GaAs layer 
with graded doping from 5 X 10 17 to 1 X10 17 cm -3, a 51-
A layer of undoped GaAs, the DQWTS, a 51-A undoped 
GaAs layer, and 0.9 pm of GaAs doped from 1 X10" to 
5X 10 -3 . The DQWTS consists of 51 A of undoped 
A10.35Ga0.65As, 59 A undoped GaAs, 51 A of undoped 
A10.35Gao.65As, 28 A of undoped GaAs, and 51 A of un-
doped Alx Ga i _ x As. Additional details on the growth 
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E,,= V,,+ h2 /(2,n*)(k,:"+k,li ) 	 (1) 
with respect to the collector. The energy E„ in the first 
(i= 11 or second well (i= 2) is 
E = V , + E 0, + h2 /( 2,n * 	. 	 (2) 
V, and V, are, respectively, the voltage differences be- 
tween the collector and the emitter or ith well from the 
externally applied bias. The momentum has longitudinal 
FIG. 1. A schematic representation of the GaAs/ 
Ga, ,Al„ As DQWTS conduction-band profile at peak bias 
voltage. 
fabricated into 25-gm-diam devices and measurements 
were conducted at 4.2 K, with B parallel to the tunneling 
direction. 
Figure 2 shows the strong magnetic field dependence of 
the I-V characteristics of the sample. For fixed Vb < Vp , 
/ T decreases with increasing magnetic field. At B=0, Vp 
occurs at 260 mV and remains essentially unchanged for 
B up to 30.5 T. On the other hand (Fig. 3), the main peak 
amplitude (/p ) decreases with B, resulting in an overall 
change of -40%. 
A self-consistent calculation including the emitter and 
collector electrode doping profiles shows a maximum in 
the tunneling current at 250 < Vb < 270 mV. 12 The calcu-
lated conduction profile and Fermi energy indicate the 
coexistence of 2D and 3D electrons in the emitter. This 
is in contrast to structures with either lightly doped 
emitters or wide spacer layers where the potential bump 
in the emitter results in a quasi-2D electron population in 
the accumulation layer. ° 
The valley-current regime Vb> Vp (Fig. 2) exhibits dis-
tinct features whose position and amplitude are B depen-
dent, arising from a combination of elastic and inelastic 
scattering processes. At B=0 the most prominent IL , 
peak (labeled L00 ) appears at Vb =360 mV. For B> 0, 
this becomes better defined and is accompanied by de-
creases in the valley current on either side. At B> 10 T, a 
second peak, L0 1 appears to the right of L0 0. Addition-
al peaks (L0 1 , 1=2, 4, and 6) develop at higher Vb [inset 
of Fig. 2(a)]. Figure 4 shows their position as a function 
of magnetic field. Vp is fixed for B up to 30.5 T, and the 
position of LO0 is independent of magnetic field for 
B < 21 T. For B> 21 T the LO0 bias voltage increases 
linearly with B and these upper-field data points extrapo-
late to Vp . On the other hand, the positions of LO, in-
crease linearly with B from zero field. By extrapolating 
their positions in the limit of B -4.0, one sees they inter-
cept the LO0 bias voltage. For some of the valley-current 
peaks, the magnetic field enhancement is sufficient to des-
tabilize their negative-differential-resistance regimes [Fig. 
2(a)]. 
Tunneling depends on the matchup of an electron's al-
lowed energy and momentum between both parts of a 
DQWTS (e.g., from the emitter to first well or first well to 
the second). At B=0 the energy of a 3D electron in the 
emitter electrode is 
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FIG. 2. (a) The current-voltage characteristics of the 
DQWTS at 4.2 K in magnetic fields (8)1.1) up to 30.5 T. The in-
set shows the ratio between the tunneling current at B=7.4 T 
and zero field. (b} /-V curves for 0 < B < 23 T for another device 
on the same wafer. The arrows denote the direction of the B-
induced changes of different portions of the I- Vcurve. 
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FIG. 3. The magnetic-field-induced decrease of the peak tun-
neling current. 
(k„) and transverse (k J) components in the emitter and 
only transverse components (k, 1 ) in the wells. E01 is the 
energy of the bound level in the ith well. 
For B> 0, the density of states is partitioned into Lan-
dau levels (LL's) in the emitter (3D like) and the two 
wells (2D like), and the transverse momentum is quan-
tized. The energy spectrum in Eqs. (1) and (2) is changed 
by replacing transverse-momentum terms with 
hoc ( n, ++ ). The cyclotron frequency is co, =eB/(m ), 
where m * is the effective mass, and n, is the Landau-level 
index for the emitter or ith well. 
At Vb= Vp (Fig. 1), the emitter conduction band and 
bound levels in the wells are aligned (V e = V i +E0 , 
V2+E02). Only electrons with k„ =0 obey the tunnel-
ing selection rules of conservation of energy and k 1 (or 
Landau index when B> 0). Rigorously speaking, elec-
trons with k„=0 are unable to tunnel. However, a relax-
ation of this constraint occurs if they are elastically scat- 
FIG. 4. Magnetic field vs bias fan chart of the peak current 
and LO-phonon-related peaks.  
tered into a higher-transverse-momentum state such that 
k z --► 0. Elastic scattering by ionized impurities," or sur-
face roughness, 13 has been suggested to cause this transi-
tion. If this is permitted, then I p is composed of two 
parts: one from k„=0 electrons which tunneling from a 
state of given energy and k ei into an identical energy and 
transverse-momentum state, and the second, kei -
nonconserving part of /p that comes from k„ =0 elec-
trons that must be elastically scattered into an allowed 
energy and k 1 state. 
When B=0, the dispersion relations are continuous, al-
lowing (under the relaxed conditions of nonconservation 
of k 1 ) any k„=0 electron in the emitter to tunnel. How-
ever, for B> 0, the gaps that appear in the energy spec-
trum exclude some elastically scattered emitter electrons 
from tunneling. The excluded electrons are those not 
satisfying the condition 
h2 /(2m* )k,2,z =hcoc (n 1 — n e ), n 1 > ne . 	 (3) 
Even though Landau levels have nonzero widths, as B 
increases, the gaps in the density of states widen, elim-
inating more k„ =0 electrons from IT. 
The B dependence of I p (Fig. 3) shows a strong de-
crease that approaches saturation above —26 T, with an 
overall change Alp = —40%. The saturation of A/p is 
consistent within a picture of B-induced suppression of 
k 1 -nonconserving tunneling. When all elastically scat-
tered electrons from k„ =0 states have been excluded, 
only k„ =0 electrons [which are unaffected by B (Ref. 
14)] tunnel and I p is constant for further increases of B. 
From this, we determine the amount of current coming 
from k 1 -nonconserving electrons. In this DQWTS, we 
see that at Vp more than one-third of I p tunnels this 
way. 15 
Simple I-V measurements cannot discriminate between 
sequential and truly resonant (coherent) parts of the tun-
neling current. 9 . 10 However, the above analysis permits 
an upper limit to be put on the amount of resonant tun-
neling (in our case, less than two-thirds). This establishes 
the size of the elastically scattered portion of /p at B = 0, 
which cannot tunnel resonantly but must get through 
sequentially. 
We have observed this large decrease in I p in other 
QWTS's with narrow spacer layers. In contrast, we 15 and 
others6' 16 see only a small effect of B on /p for QWTS's 
with wide spacer layers or lightly doped emitters. This 
different behavior is consistent with the idea that for nar-
row spacers there are 2D and 3D emitters with k„00 
electrons, and for wide spacer layers or lightly doped em-
itters there is a quasi 2D accumulation (and k„ =0 elec-
trons) in the emitter. 
The reduction of scattering by lowering the emitter 
doping or widening the spacer layer 17 provides an alter-
native (but not necessarily separate) mechanism for this 
different behavior in I p . An increase in scattering in the 
emitter (for narrower spacer layers) would increase the 
emitter LL width. As a result, more emitter electrons 
will be in energy-momentum states that correspond to 
gaps between the LL's that form in the quantum well. 
The emitter electrons that line up with those gaps are 
1-•••■■• 
j' 
thus inhibited from tunneling, resulting in a reduction in 
Ip . The expected behavior from this mechanism is simi-
lar to the one previously proposed. The importance of 
each of these mechanisms could be understood by a sys-
tematic study of QWTS's with different emitters but simi-
lar barriers and wells. 
For Vb > Vp , the energies of electrons in the emitter 
and wells can still be described by Eqs. (1) and (2) [or by 
the replacement of fi t /(2m * )k,21 with firo c (n,+4.1 if 
B>0]. However, the electrons do not obey the tunneling 
selection rules described for Vb<Vp . Rather, the energy 
and momentum relation between the emitter and well 1 
for elastic (or inelastic due to emission of an LO phonon 
with energy how ) tunneling is 
1l2 	2m * )(k -L-k,, 1 )( +hoLo ), 
tiEe . 1 +h2 /( 2m * ) 12.7 B = 0 (4) 
hoe An ( +ho w ), B >0 (5) 
where AEe _ i = V, - V I +E01 and An 	Similar 
expressions, but with AE,. 1 -.AE 1.2 = V i - V 2 + E01 
 -E02 , An =n 1 -n„ and without a longitudinal-
momentum term, describe tunneling between the first and 
second wells. The total Landau-index variation across 
the whole structure is An T=n, — n e . 
For elastic processes the energy is conserved and the 
electron tunnels into a higher k i state. For B> 0, this 
occurs if VI, and B align the Landau levels, thus satisfying 
Eq. (5). For each An T, there will be a peak in current 
whose bias-voltage position moves linearly with B, and 
whose slope A Vb /AB cc An T. In the limit of B-0 their 
voltage position extrapolates to Vp . When Eq. (5) is not 
satisfied, there is no alignment between Landau ladders 
and the elastic scattering component of the valley current 
is suppressed. 
Inelastic tunneling via LO-phonon emission has been 
demonstrated by the appearance of replica peaks in the 
valley-current regimes of both single and double 
QWTS's."" When k, is conserved, this process is max-
imized when Vb sets the left-hand side of Eqs. (4) and (5) 
equal to hako. Since An T =0, the bias voltage position of 
this phonon-replica peak will be independent of B. 
Peak L00 (Fig. 4) at 360 mV does not move for B< 21 
T, which shows that it is due to inelastic k 1 -conserving 
tunneling. The bias difference between L0 0 and the main 
peak is 100 mV ( >>hoko ), while Vp is in good agreement 
with the predicted position. A simple description of the 
voltage drops across the sample is obtained using Eq. (5) 
and the bias-voltage slopes of the LO ; features. This 
shows that a GaAs LO phonon is emitted by an electron 
going from the emitter to the first well, as well as from 
the first well to the second. 
Above 21 T, the L00 peak moves linearly with B. An 
extrapolation of the L0 0 data points for B> 21 T to B=0 
joins the main peak at 260 mV. So, for B> 21 T, this 
peak is in fact the elastic k i -nonconserving peak 
(An T =2) that intersects the k i -conserving (An T =0) in-
elastic peak at 21 T. The Landau index changes by 1 for 
each well crossed in this process. The elastic peak not 
only moves with B, but becomes much better resolved,  
dominating over the inelastic peak in high magnetic 
fields. 
These two processes occur at the same bias when the 
field satisfies the condition hw io =eB/m*. Using the 
GaAs LO-phonon energy ( = 36 meV) and the field at the 
intersection point (21.2 T), we find that electrons in the 
quantum wells have an effective mass of 0.068m 0 . This 
value is in agreement with the effective mass in GaAs, 
supporting the above interpretation. 
At values of Vb and B satisfying Eq. (5), k 1 - 
nonconserving (An > 0) inelastic tunneling occurs. In this 
case, going into either well, an electron emits a LO pho-
non and tunnels into a Landau level of higher index than 
it left. For each value of An T, there is a valley-current 
peak whose bias-voltage position increases linearly with 
B. Since Atz T can be 1,2, ... , the slope ( A Vb /AB) - of 
a An T =1 peak will be twice as large as that of a An T=2. 
In addition, as B -.0, these features should merge with 
the L00 peak, in contrast to the behavior of elastic 
valley-current peaks that extrapolate to Vp as B 
Figure 4 shows the LO I , L0 2, L04 , and LO,, positions 
emerging from the L0 0 peak and increasing linearly with 
B. The L0 1 slope is twice the LO, slope, 4 times that of 
L0 3 , and 6 times the slope of L0 6. The LO I slope corre-
sponds to a k 1 -nonconserving change of one Landau level 
across the structure (An T = 1). Similarly the higher-bias 
features are associated with An T =2, 4, and 6. The ob-
served even values of An T correspond to equal voltage 
drops across each well, while odd values correspond to 
different drops across each well. 
In this description of magnetotunneling, there are spe-
cial biases and fields at which both elastic and inelastic 
processes occur. At these points, there should be relative 
maxima in the valley feature amplitudes (not related to 
any B dependence of the phonon-emission probability). 
We do observe relative maxima in the LO, peaks. How-
ever, a quantitative interpretation of these results is not 
yet conclusive. 
In summary, magnetotunneling experiments on a 
DQWTS permitted a detailed analysis of selection-rule-
violating tunneling mechanism. The B-induced suppres-
sion of the k 1 -nonconserving part of Ip puts an upper 
limit on the amount of resonant (coherent) tunneling 
current). The various valley-current replica features were 
shown to arise from elastic or inelastic tunneling process-
es. Our analysis enabled us to determine directly the 
effective mass of tunneling electrons. 
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We report a study of the current-voltage characteristics of a double barrier, lattice matched, 
quantum well tunneling structure in a quantizing magnetic field (BUJ). Experiments were 
conducted at fields up to 23 T at 1.5 K. The heterostructure investigated had 400 A spacer 
layers in the emitter and collector, a barrier width of 72 A, and a 43-A-wide quantum well. 
This structure showed one negative differential resistance region with a peak-to-valley ratio of 
23 at 4.2 K. We observed magnetoquantum oscillations, periodic in 1/B, associated with 
tunneling from a quantized state in the emitter. The overall magnetoconductance dramatically 
changed with applied bias. We associated these variations with a field-induced increase of the 
impedance of the undoped spacer layers. The frequency of these oscillations increased linearly 
with applied bias. A discontinuity in this dependence is observed around the peak bias voltage 
which is the direct result of the dynamical storage and release of charge in the well. 
AlInAs/GaInAs quantum well tunneling structures 
( QWTS) have recently raised considerable interest due to 
their high room-temperature peak-to-valley ratio and large 
current densities" 2 compared to GaAs/GaA1As QWTS. 3.4 
 Magnetotunneling is a powerful technique for the investiga-
tion of QWTS'; the effect of a quantizing field (BP) was 
used to investigate such fundamental issues as the occur-
rence of either sequential or resonant tunneling and the in-
trinsic character of the bistability. 9 In this letter, we report a 
magnetotunneling study on a lattice-matched AlInAs/ 
GaInAs QWTS. After describing the samples and experi-
mental conditions, we discuss the effect of magnetic fields on 
the voltage distribution in the sample. The observation of 
magnetoquantum oscillations allows us to study the charge 
accumulation in the emitter and the voltage drops in differ-
ent regions of the QWTS. We also show evidence of the dy-
namical storage and release of charge in the well at peak 
voltage bias ( Vp ). These results are compared with work on 
GaAs/AIGaAs QWTS with narrow spacer layer'; we show 
that the differences originate from the different doping pro-
file and voltage division across the samples. 
The tunneling structure was grown by molecular beam 
epitaxy. It consisted of an n -InP substrate, a 0.5 pm n+ ( Si 
doped 2 x 10" cm ') GaInAs layer, a 400 A undoped 
GaInAs spacer layer ( with a residual impurity level in the 
upper 10' s cm' range), a 72 A undoped AlInAs barrier, a 
43 A undoped GaInAs well, a 72 A undoped AlInAs barrier, 
a 400 A undoped GaInAs spacer layer, and finally a 0.5 pm 
n+-GaInAs layer (2 x 10 18 cm' ). This structure was fabri-
cated into devices with mesas of sizes ranging from 25 to 400 
,um2 (further details about growth and fabrication may be 
Visiting Scientist at Francis Bitter National Magnet Laboratory, M. I. T., 
Cambridge, MA 02138. 
found in Ref. 2 ). The current-voltage (/- V) characteristic of 
these devices showed a peak-to-valley ratio of 6 at room tem-
perature and 23 at 4.2 K, with small variations from mesa to 
mesa. The measurements were performed at 1.5 and 4.2 K in 
magnetic fields up to 23 T. To minimize the effect of the 
measurement circuit on the stability of the device, the resis-
tance of the voltage source and probe leads was kept less than 
10 fl. Nevertheless only the smallest (and highest imped-
ance) structures (25 and 50 pm 2 ) were intrinsically stable. 
All data presented here were obtained on structures which 
were stable throughout the whole range of bias voltage ( Vb ) 
and magnetic field (B), allowing us to investigate the effect 
of magnetic field in the (sometimes inaccessible) negative 
differential resistance region. 
Figure 1 shows that the overall shape of the I-V charac-
teristic is not strongly affected by the presence of a magnetic 
field. There is a slight variation in the peak position (Vp 
 = 0.675 V at B = 0) and peak current (//, ), and at high 
enough B (above 15 T) additional structures can be seen in 
the valley current. The valley current features are similar to 
those observed in GaAs/AIGaAs based QWTS and are re-
lated to off-resonance phonon emission.' A detailed study 
of these processes in our samples will be published else-
where. At fixed Vb we observe strong magnetoquantum os-
cillations of the tunneling current (Fig. 2) at all biases larger 
than threshold (around 0.3 V ). We also note that depending 
on the applied bias, the B dependence of the current ( at fixed 
Vb) shows either negative, positive, or flat magnetoconduc-
tance. 
Figure 2 shows that the overall background about which 
the B-induced oscillations occur either decreases [ V, < Vp 
Fig. 2 ( a) ], increases [ V, slightly higher than Vp Fig. 2 (b) 
or remains flat [ valley current region Fig. 2(c) ] depending 
upon where V, is on the I- Vcurve ( Fig. 1). This is represent-
ed in more details in the inset to Fig. 1 where the difference 
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FIG. 1. I--V at B = 0 and 23 T, the inset shows the variation of current at 
B = 10 T relative to B = 0 T as a function of bias voltage. 
between the I-V curve at 10 T and 0 field is plotted. At fixed 
bias B decreases the current for all values of V, < Vp , in-
creases it for V, > Vp (but before the valley current region ), 
leaves it unaffected in the valley current region, and de-
creases the current for the thermoionic regime beyond the 
valley current. This behavior can be explained by a B-in-
duced increase in the resistance of the undoped region away 
from the quantum well and barriers (such magnetoresis-
tance effect should be small but positive in this B configura-
tion and doping range" ). The magnetoresistance effect 
slightly lowers the effective bias across the quantum well and 
barriers. The resulting change in current in the various por- 
FIG. 2. I-B at different fixed bias voltages.  
tions of the I- Vcan be visualized by introducing approxima-
tively a 5 mV (at 10 T) decrease in bias voltage in Fig. 1 (this 
decrease is less than 1% of Vp and will be neglected in the 
rest of this study). 
The magnetotunneling oscillations are periodic in 1/B 
and their frequency [defined as 5(1/B) —' = Br ] linearly 
increases with bias (represented in Fig. 3 for reverse bias) at 
all voltages above the threshold (0.28 V ). Bf increases from 
12 T (i.e., 5.8 X 10" cm -2 ) to 33 T (i.e., 1.6 X 10 12 cm') as 
the bias is swept from 0.28 to 1.3 V. At some biases up to 20 
oscillations are directly resolved with the first developing at 
fields as low as 1.5 T. A 1.5 T onset field corresponds to an 
energy resolution of less than 4 meV, comparable to the 
broadening of the quantized level in the well for one mono-
layer difference in width. This observation, along with the 
carrier densities measured, and the monotonic increase of Br 
 with bias shows that the oscillations can only originate in the 
quasi-two-dimensional accumulation layer. These frequen-
cies are higher than those observed previously'; the differ-
ence is likely due to the high Fermi level (125 meV) in the 
emitter and to a lower effective mass in our structures. 
For a nonscattered electron, momentum (transverse to 
the tunneling direction) is conserved; in a parallel field, the 
momentum will be quantized in Landau levels. The energy 
selection rule is 
Ea + ( n + 1/2 )fico ca Eq + (p + 1/2)ficoca , 
where Ea and fiw  are respectively the z-quantized energy 
and cyclotron energy in the accumulation layer. Similarly 
Ea and liwca are for the square well and n and p are the 
respective Landau level indices. As we have seen, the posi-
tion of the resonance peak does not change with the field and 
therefore the two Landau ladders have equal spacing 
[ficoca = ko cq , implying that nonparabolicity effects cancel 
each other as the Fermi (125 meV) and quantized (in the 
well Eq = 150 meV) energies are not very different I. The 
conservation of momentum now corresponds to conserva-
tion of Landau level indices n = p. In the present case we 
attribute the oscillations to Landau levels passing through 
the Fermi level of the emitter. At Vb> Vp , the electrons tun-
nel nonresonantly but the oscillations remain linked to the 
same process. 
The frequency dependence of Fig. 3 corresponds to an 
increase of the quasi-two-dimensional charge in the emitter 
accumulation layer. Slightly below Vp (at 400 mV ), the peri-
odicity saturates at 15 T (i.e., 7.3 X 10" cm -2 ) and remains 
constant up to Vp . At Tip the frequency abruptly increases 
(3.6 T jump) and again shows the same linear behavior as at 
low biases. 
This is the direct result of charge storage and release in 
the well. Upon resonance, charge builds up in the well in-
stead of the emitter accumulation layer and the frequency 
saturates. At biases greater than the peak, the charge dynam-
ically stored in the well abruptly decreases and the related 
additional potential drop between the well and collector dis-
appears. The effective bias voltage across the emitter accu-
mulation layer and barrier is hence suddenly increased. This 
simple picture explains both the saturation and the jump in 
frequencies. From a phenomenological approach based on 
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FIG. 3. Frequency of the magneto-oscillations (B1 ) vs bias voltage. 
Refs. 6 and 7, this jump in frequencies was estimated to re-
sult from a 2-3 x 10' cm' variation of charge in the well. 
This appears consistent with other estimates ranging from 1 
to 4.5X lOn cm- 2.6,7,9 
It is worth noting that in our case the frequency in-
creases 21 T/V which is to be compared with 100 T/V ob-
tained in Ref. 7. This discrepancy is accounted for by the 
existence of 400-A-thick spacer layers in our samples com-
pared with a 187 A total width of the well and barriers; only a 
small portion of the applied bias produces a voltage drop 
across the well, hence the smaller slope in Fig. 3. Also, we 
did not observe any oscillations of the tunneling current be-
fore the current threshold [i.e., nonresonant, three-dimen-
sional (3D) oscillations]. Any low bias 3D oscillations will 
reflect the high emitter doping and should have a frequency 
around 45 T. In the present case the frequency dependence 
of Fig. 3 extrapolates to 6 T at 0 bias ( and not to 0 as in Ref. 
7), clearly inferior to the estimated 3D frequency. The high 
confinement barrier ( 500 meV) in the present system does 
not allow any low bias nonresonant tunneling oscillations 
since the current decreases exponentially with barrier 
height. The finite frequency at zero bias shows that a con-
fined emitter state exists at low (or zero) bias in these de-
vices, likely related to the existence of a wide spacer layer. 
Self-consistent calculations of the band structure in 
GaAs-based structures with wide spacers show the forma-
tion of a step in the conduction band in the emitter region 
before the accumulation layer.' Under bias, this step forms 
part of the confining potential (along with the AlInAs bar-
rier) that quantizes the emitter energy. We believe that the 
formation of this potential step accounts for the observed 
frequency offset at V, = 0. It is worth noting that Thomas et 
al.' 2 report a similar observation in their study of wide spac-
er GaAs/AlGaAs QWTS devices. 
A fan diagram of Landau levels obtained from the ex-
trema of the magneto-oscillations permitted us to index each 
peak. We note that the Landau levels are linear over a wide 
range of B (small nonparabolicity ), but with a discontinuity  
occurring precisely at the peak bias (this being fully consis-
tent with the above interpretations). If the fan diagram for 
forward biases ( VP = 675 mV) is extrapolated to B = 0, we 
find an anomalous intercept of — 400 mV. The reverse bias 
( Vp = 515 mV) fan diagram also shows a — 300 meV inter-
cept at zero B. The lowest Vp suggests an unintentional dop-
ing in the spacer layer on the substrate side of the QWTS 
(due to migration of Si ). 6 The anomalous negative inter-
cepts could be due to the larger spacer width and uninten-
tional doping or to some non-ohmic contribution ( presum-
ably at the contacts). 
Magnetotunneling measurements in the longitudinal 
configuration in fields up to 23 Tat 1.5 K were performed on 
a single well, double barrier AlInAs/GaInAs QWTS. Mag-
netoquantum oscillations, which were attributed to tunnel-
ing from a z-quantized state in the quasi-two-dimensional 
emitter, were observed. The bias dependence of overall mag-
netoconductivity was shown to be related to a small magne-
toresistance effect in the wide spacer layers. The abrupt 
change in the linear slope of Bi- with applied bias around the 
peak bias was shown to be a direct result of charge dynami-
cally accumulating (emptying) in the well. 
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We report the effects of a transverse magnetic field (JIB) on the conductivity of quantum well 
tunneling structures based on AlGaAs/GaAs/AlOaAs quantum wells. The current-voltage 
characteristics in the positive differential resistance regime show negative magnetoconductance 
for all values of B. The peak bias voltage increases monotonically with increasing B. For B < 6 
T there is a decrease in the peak tunneling current, but then it increases for B> 6 T. The data 
also show dramatic magnetic field induced changes in the negative differential resistance 
(NDR) features. The behavior of the NDR changes from sharp hysteretic bistable-like 
transitions to astable NDR transitions. Both the valley current and its bias voltage position 
increase with increasing magnetic field. This behavior is described  by a simple model that 
includes magnetic field effects across the barriers. 
Quantum well tunneling structures (QWTSs) have at-
tracted considerable interest since they offer the experimen-
tal opportunity to investigate such fundamental quantum 
effects as tunneling and wave function phase coherence. 
QWTSs have also shown promise in device application as 
high-speed switches and high-frequency oscillators) Mag-
netotunneling studies have proved to be a powerful tool to 
study the dynamics of electrons in these structures. The ef-
fect of a longitudinal magnetic field (J118 ) on the tunneling 
current has already been used to probe the difference 
between sequential and resonant tunneling.' In this letter the 
effect of a magnetic field applied perpendicular to the cur-
rent is investigated. 
A motivation for this work is to alter the tunneling 
through the double-barrier structure for a specific bias vol-
tage without using a base contact. From a classical point of 
view a Lorentz force is applied by B to electrons incident to 
the quantum well and barriers. An important consequence is 
to change the transverse momentum of the electrons and 
decrease their kinetic energy along the incident direction. A 
weaker effect arises from the diamagnetic shift that increases 
the energy of the quantum levels in the well. For the quan-
tum well in this study (51 A wide) the diamagnetic shift is 
calculated to be a few meV at 10 T. Also, since the path of the 
electron through the whole structure is increased, some con-
tribution from magnetoresistance effects may be expected. 
The samples used in this work were grown by molecular 
beam epitaxy. The QWTSs consisted of an n + substrate, a 
Si-doped 25-period (14 A/period) AI,Ga l ,As/GaAs au-
perlattice (x = 0.35), a 0.7 pm GaAs layer doped from 
5 X 1017 to 1 x 10" cm -3, a 51 A =doped GaAs layer, the 
double-barrier structure, a 51 A undoped GaAs layer, and a 
0.9 p.m Si-doped GaAs cap layer (graded from 1 X 10" 
cm - ' < n < 5 x 10" cm - s). The double-barrier quantum 
°Visiting Scientist, Francis Bitter National Magnet Laboratory.  
well portion was formed from 55-A-wide AlGaAs layers 
separated by a 55 A undoped GaAs layer. For this experi-
ment 50-pm-diam dots were fabricated from this material. 
Further details about growth and processing techniques are 
described in Ref. 3. 
The measurements were made at 4.2 K in magnetic 
fields up to 15 T. It has already been demonstrated the dra-
matic effect the measurement circuit has on the features in 
the negative differential resistance (NDR) region. • In this 
work the combined resistance of the voltage source, probe 
leads, and in-series current measuring resistor (R, = 1 11) 
was less than 10 a In addition, some of the measurements 
were made with a 201'1 resistor (mounted at the sample end 
of the probe) in parallel with the QWTS and R,. This per-
mitted stray capacitive or inductive effects of the external 
circuit to be reduced. 
Current-voltage (I-V) curves ou a representative sam-
ple labeled 103 at different magnetic fields (B perpendicular 
to J) are displayed on Fig. 1. Results with the same features 
were seen reproducibly on similar samples grown in this lab-
oratory. Both the peak bias voltage (V,) and valley bias 
voltage (V,) increase rapidly with B. The peak to valley 
ratio decreases with increasing magnetic field until the NDR 
regime is washed out at 13 T. At a fixed bias, away from the 
NDR region, the tunneling current decreases monotonically 
with increasing magnetic field whereas the peak current 
(Ip) goes through a minimum at 6 T and increases for higher 
values of B. Another feature seen in the data is the gradual 
smearing out of the /- V peak as the field is increased. The B-
induced increase in V, and smearing out of the I- Vpeak has 
been reported for InGaAs/InP QWTS. 5 At zero field, the 
jump in bias voltage across the NDR transition is narrow 
and shows a hysteretic behavior. Under magnetic field, the 
NDR transition becomes wider and shows astable-like be-
havior.' In the rest of this letter, we will focus on the effect of 
magnetic field outside of the NDR regime. 
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FIG. 1. Current-voltage curves of sample 103 at 4.2 K in magnetic fields up 
to 14 T. The zeros have been offset to separate the I- V curves taken at suc-
cessively larger values of B. The large dotted lines denote the hysteretic 
portion when sweeping down in bias voltage. The inset ( upper left) plots the 
I-V's for V•14., < V, at different B to illustrate the decrease in tunneling 
current at fixed bias voltage. 
Figure 2 shows the magnetic field dependence of the 
peak bias voltage and current up to 13 T. Vp exhibits a qua-
dratic increase with field, whereas there is an initial decrease 
of4, dropping by 15% at —6 T and then increasing —10% 
over the zero field value at 13 T. 
The observed magnetic field dependence of V,. and I p in 
our samples occurs because of changes in the tunneling selec- 
tion rules and transmission probability through the barrier. 
1-V measurements on these samples for B parallel to J did 
not show strong magnetoquantum oscillations, indicating 
that the Landau levels in the emitter are too broad to signifi-
cantly affect the density of states. Thus in the picture of se-
quential tunneling, the magnetic field mostly affects the se-
lection rules for emitter to well tunneling. Our interpretation 
begins by focusing on the change in peak bias voltage using a 
simple semiclassical approach. 
If the magnetic field is applied transversely along the y 
direction (parallel to the interface), an electron tunneling in 
the z direction experiences a potential increase•: 
V(z) = e2B 2z2/(m) heBk,z/(2i ►n) . 	(1) 
As in the zero field case, the momentum parallel to the bar- 
rier must be conserved during tunneling; hence, electrons in 
the emitter with momentum k, can only tunnel to k, 
2ireBz/h ( where z is the distance from the emitter side of 
the barrier to the middle of the quantum well). As the mo-
tion is not affected along the x axis, electrons tunnel to states 
with the same k. in the well. In other words, the parabolic 
dispersion relations of the transverse momentum of the well 
states are shifted along the k, axis with respect to the emitter 
states (Fig. 3) so an additional bias is needed for them to 
overlap. The first term in Eq. (1) predicts that the shift in Vp 
should increase quadratically with field as observed in Fig. 2. 
Figure 3 also shows that as B increases, the overlap between 
emitter and well parabolas remains over a larger bias range 
until the NDR is smeared out. These two major features of 
the data are thus readily explained by this simple framework. 
The round off of the current peak can also be described 
by a state-space argument using this picture. The number of 
impinging electrons with a given k, is proportional to 
(k, — k;)", and electrons with different k, do not un-
dergo identical shifts in the effective potential [second term 
‘. 
FIG. 2. Value of peak bias voltage V, (circles) and peak tunneling current 
I. (squares) of sample 103 at 4.2 K for 0 <B < 13 T. It should be pointed 
out that V, and I, from /- V's with reversed bias show the same behavior. 
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in Eq. (1) ]. This ky -dependent redistribution of electron 
energies results in the broadening in the tunneling current 
near VP . 
The experimentally observed B dependence of the tun-
neling current can also be described by Eq. (1) and the 
mechanism shown in Fig. 3. At a fixed bias (Fig. 1), the 
current monotonically decreases with increasing B. This can 
be accounted for by the perturbational approach of Eaves et 
id:  where the tunneling current through a barrier (normal-
ized to B = 0) has been shown to decrease as exp( — ), 
where a depends strongly on the barrier thickness and more 
weakly on the kinetic energy. Using the detailed expression 
in Ref. 9 a 5% decrease in current is predicted at 10 T. This, 
however, is smaller than the observed effect; we experimen-
tally measure a current decrease (for example, at = 0.4 
V) of about 30 % at this field. 
Several factors affect the size of the peak tunneling cur-
rent I, in the presence of magnetic field. VP has already been 
shown to increase with B, so as the peak is shifted to higher 
biases, the effective transparency of the emitter barrier in-
creases (a rectangular barrier becomes triangular) and /, is 
expected to become larger. But, in general, within the picture 
of sequential tunneling the current depends not only on the 
transmission coefficient but also on the supply function of 
available electrons."' As can be deduced from Fig. 3 the 
overlap of emitter and well parabolas is maximum at B = 0 
so the shift in the well parabola along the 15, axis for B >. 0 
decreases the overlap. As a result of B > 0 the supply func-
tion contributes to a decrease in the tunneling current. The 
global effect of these two competing factors would explain 
the initial decrease of I, (decrease of parabola overlap), 
which goes through a minimum at 6 T and increases above 
that field ( more transparent emitter barrier) (Fig. 2). 
Although the valley bias voltage moves to higher biases 
(Fig. 1), the valley current essentially remains on the B = 0 
I- V curve. This is expected as the existence of any valley 
current is due to the relaxation of the tunneling selection 
rules and is not strongly affected by the magnetic field. 
The question of magnetoresistance effects in the doped 
emitter and collector regions has also been considered. An 
estimate of the mobility using the doping profile" in these 
regions indicates that a geometric-magnetoresistance effect 
(the increased path length from the Hall angle) contributes 
less than 10% to the overall conductivity at 10 T. 
In conclusion, I- V measurements in transverse magnet- 
is fields up to 1ST at 4.2 K on a double-barrier quantum well 
tunneling structure show that the peak and valley bias vol-
tages increase monotonically with B. At fixed bias voltage, 
the tunneling current decreases with increasing B. The peak 
tunneling current initially decreases with increasing B, going 
through a minimum at 6 T. The tunneling peak is broadened 
until the NDR transition is washed out at B = 13 T. 
The shift towards higher voltages of V, is accounted for 
by the field-induced redistribution in k space of the elec-
tron's kinetic energy. The behavior of /, is the result of two 
competing effects, smaller overlap of emitter and well states 
as opposed to an increased transparency of the tunneling 
barrier. Although these arguments qualitatively describe all 
the observed features, a more sophisticated approach is nec-
essary to adequately explain the amplitude of these effects. 
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While in bulk AlGa i _., As there is some agreement that persistent photoconductivity (PPC) is 
related to the photoionization of deep levels that have a recombination barrier, a diverse collection 
of models has been proposed to explain the interplay between macroscopic (band bending and tun-
neling) and microscopic (deep levels) contributions to PPC and related phenomena in 
GaAs/Al„Ga i As heterostructures. One of these related effects is transient photoconductivity 
(TPC) whereby the PPC-enhanced carrier density (or conductivity) undergoes a long-term decay. In 
this work a model based on phonon-assisted tunneling through a realistic barrier is developed for 
TPC, and predictions for the apparent capture energies and lifetime prefactors are presented. The 
model self-consistently accounts for the changes in the conduction-band profile and tunneling bar-
rier due to the transfer of charge during this process. By using the derivative of conductivity or car-
rier number density with respect to the logarithm of time during decay, e.g., dN /d(Int), phonon-
assisted tunneling may be identified from other PPC-associated decay mechanisms in 
GaAs/A1,,Gal As heterostructures. This method of analysis is applied to experimental data 
showing TPC decay of carrier density and conductivity. The DX-center capture energies obtained 
from phonon-assisted-tunneling data in this work agree with results from other direct-capture stud-
ies. 
I. INTRODUCTION 
Persistent photoconductivity (PPC) is well known for 
many semiconductor materials and configurations.' It is 
important to understand PPC and related effects in 
modulation-doped materials and high-electron-mobility 
transistors (HEMT's) formed from GaAs/Al„Ga i _x As 
heterostructures at T < 180 K where HEMT's display op-
timal electronic properties. In bulk materials, PPC is 
generally understood to occur by the photoionization of 
deep levels that have a recombination barrier. However 
in GaAs/Alx Ga l _x As-based heterostructures and de-
vices a variety of models have been proposed to explain 
the interplay between macroscopic" (band bending) and 
microscopic. • (deep levels) mechanisms for PPC. 
Microscopic-barrier models are based on postulated 
atomic-scale barriers that suppress recombination of free 
carriers. The carriers are photoexcited from the impurity 
Center, a deep-donor complex (predominantly identified 
as the DX center in Si-doped Al„Ga i _x As) with optical 
thresholds smaller than the band gap of the material. 
The origin of these deep donors has not been fully 
clarified but they are usually described as impurity-
atom-plus-defect complexes with large lattice relaxations. 
The earliest model s for DX centers in doped Al x Ga i _x As 
is a donor-vacancy (As) complex, which requires an As 
vacancy number density as high as 1 X 10 113 cm -3. Re-
cently a donor-self-generated-vacancy model has been 
proposed to avoid this high density of As vacancies. 6 
The decay of PPC-enhanced carrier density and mobil-
ity has been experimentally observed by a number of 
workers. 3,7-9  Transient photoconductivity (TPC) occurs 
on time scales as long as 10 5 sec and at temperatures as 
low as 4.2 K. Tunneling 3 provides an important mecha-
nism for electrons to move between the GaAs and 
Alx Gai _ x As layers despite the macroscopic barrier 
presented by the conduction band (Fig. 1). In this work a 
TPC-decay model based on tunneling between the two-
dimensional electron gas (2D EG) and states in the 
Alx Gai _x As-layer conduction band is presented. The 
transfer of electrons is accompanied by the corresponding 
self-consistent changes in the conduction-band profile 
and tunneling barrier. The model incorporates a realistic 
representation of the heterojunction barrier and band 
discontinuity into a Wentzel-Kramers-Brillouin (WKB) 
calculation of the tunneling probability. The lifetime of 
tunneling-assisted capture is determined by the tunneling 
probability and the capture cross section of the traps. 
When kT is much smaller than the height of the tunnel-
ing barrier, a WKB calculation shows that the tunneling 
probability only depends on the tunneling-barrier shape. 
At high enough temperatures, phonon-assisted tunneling 
becomes important. 
The result of this model is a prediction of apparent 
capture energies and lifetime prefactors of the decay pro-
cesses. Experimental measurements of persistent-
photocurrent decay in different gated and ungated het-
erostructure material are shown to agree quite well with 
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these predictions. The data is analyzed by a method us-
ing a derivative of number density (or conductivity) with 
respect to the logarithm of time. The decay features 
brought out by this analysis are identified with different 
decay processes. 
II. THEORETICAL MODEL 
When the 2D EG is confined in the potential well at 
the Al,Ga l „As/GaAs interface (Fig. 1), the z com-
ponent of the electron wave function is separated from 
the xy component, and the z-direction energy is quan- 
tized with a ground-state energy E0 above the conduction 
band. TPC tunneling is in the z direction and starts from 
the Alx Ga l „As/GaAs interface with a carrier energy of 
E0 plus the 2D EG thermal energy Eth. The effective 
tunneling barrier is the conduction-band profile above 
El) +Ed, (Fig. 1). 
As the tunneling electrons first move into the conduc-
tion band in the Alx ,As layer, the tunneling barrier 
is different for the remaining 2D electrons [short-dashed 
curve, Fig. 1(a)] because of the decreased 2D EG density 
(N2D ) and the decrease in the depletion width Wd. This 
lamioped liseel ,M GaAs Buffer 
FIG. 1. Tunneling mechanisms and typical conduction-band tunneling barriers U(z) (see the Appendix) for a GaAs/A1 0, 3Ga0.7As 
heterostructure. The dotted curve is the barrier at 77 K in-dark (100 meV above E D ) (Ref. 8). The solid curve (a) is the barrier right 
after illumination ( Wa=15 nm, AE =120 meNI. The long -dashed curve ( Wd =11 nm, AE =0) is at the end of type - A tunneling. 
After further decay, the barrier shown as a dot-dashed curve ( Wd = 7 nm, the conduction band is 80 meV above E 0 ) allows only 
type-13 tunneling (b) and electron-impurity tunneling (c) to occur. The scales of the drawings are from the actual conditions of doping 
(Nd =1 X 10" cm-3) and illumination used. 
(C) 
10-12 
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larger tunneling barrier reduces the tunneling probability, 
and consequently the next carriers through have longer 
tunneling lifetimes. This process (designated as type-A 
tunneling) is completed when Wd =(z i -L) and the 
lowest value of the conduction band in the Al x Ga l ...., As 
layer, Ec0 is in equilibrium with the 2D EG. At this 
point the conduction-band bending appears as the long-
dashed curve in Fig. 1(a). 
In other circumstances, when .Ec0 moves above E0 for 
further photodecay [dot-dashed curve in Fig. 1(b)] the 2D 
electrons will not be able to tunnel and stay in the 
Alx Ga l _x As layer unless there are unoccupied traps 
below E0. This will be referred to as type-B tunneling-
assisted decay. 
Consider a heterostructure with a relatively small band 
discontinuity at a high temperature (e.g., AE, =0.23 eV, 
and k T=0.01 eV at 100 K) and a doping density 
Nd =10 18 CM -3. The pure-tunneling probability 
( 10-6-10-1° ) estimated from the WKB integral of the 
conduction-band profile is comparable with the thermal-
activation probability exp( AE,./kT). In this case TPC 
can be described as a phonon-assisted process with a tun-
neling probability: 
P= A f exp [ -Etb /kT 
- f (4v/h )[2m" U(z)J 1/2dzidE tb , 	(1) 
where m* is the effective mass of an electron in the 
Alx Ga l _ x As layer, and Eth is the thermal energy of the 
tunneling electron. U(z) is the tunneling barrier 
measured from E0 +Eth . The WKB integral 
f (47/h )[2m * U(z)] 1/2dz ) is evaluated from z =0 to zo , 
where z0 is the point where the Al x Ga l _ x As conduction 
band is even with Eo +Ed, [Fig. Ha)]. When the WKB 
integral is bigger than Eth /kT, the normalization factor 
A is only weakly temperature dependent. Detailed ex-
pressions for U(z) and z 0 are shown in the Appendix for 
a given Eth, LiE, , L, and ionized donor density NI . 
Figure 2 shows the temperature-dependent tunneling 
lifetime r numerically determined from Eq. (1) over a 
range of Wd. It is clear that at a fixed temperature, 
monotonically increases during TPC decay while Wd de-
creases. The lifetime can increase as much as four orders 
of magnitude for a factor of 2 change in Wd. It should 
also be noted that for type-A decay r is weakly tempera-
ture dependent for T < 100 K, but becomes strongly tem-
perature dependent above 100 K because of phonon-
assisted tunneling. An activation energy E, can be deter-
mined from the slope of r versus 1 IT for a fixed Wd, and 
in the high-temperature limit E, would approach LIE,. 
Actually, 111; (following illumination) is a function of T 
because at high temperatures the deep-trap recombina-
tion rate can be comparable with the photoemission rate. 
Using the temperature dependence of N,, !° (for an Al 
fraction x =0.3) results in an apparent E, - 170 meV at 
160 K, but about 20 meV at 70 K, for Wd=(Zi -L) and 
Nd=1X10 18 cm-3. 
Although the difference in mobility between 2D elec- 
(10-2K-1 ) 
FIG. 2. The predicted TPC lifetimes. The arrow denotes the 
time evolution of type-A tunneling for fixed T [starting from 
Wd =-1 . 8(z1 - L) and ending at Wd = 1.0(Z1 -L)]. Also shown 
is type-B tunneling-assisted decay with DX-center capture ener-
gies of either 80 meV [decay from Wd=1.0(Z1 - L) to 
Wd =0. 6(Z1 -L)] or 170 meV [decay from Wd = O. 9( z i - L ) to 
Wd=0.7(zi -L)]. For comparison, lifetimes from direct cap-
ture in the Alx Ga l _„As layer by shallow (E, =5 meV) or deep 
traps (Ec = 80 or 170 meV) after type A are represented as 
dashed lines. 
trons and carriers in the Al x Ga l _„As layer allows pure 
tunneling to be detected, the times (10 -8-10-4 sec) (Ref. 
11) are too short to be observed in this experiment. 
When this process is completed, direct capture of elec-
trons in the AlGra i _„As layer by nearby traps can be 
detected, generally with a longer, trap-dependent life-
time. In the case of shallow traps, r is assumed to be 
weakly temperature dependent, and on the order of 
10 -3-10-2 sec. However for deep traps such as DX 
centers, r is strongly temperature dependent. 
The capture lifetime of a conduction-band electron in 
the Alx Ga l _x As layer trapped by a DX center is ex-
pressed as 
r0exp(Enx /k T) , 	 (2) 
where EDX is the capture energy, and ro- I0-11 sec. 
So in the case of type-B tunneling the lifetime of a 2D 
electron captured by DX centers is expressed by 
T=[ToeXp(EDx /kT)]P - I . 	 (3) 
Here the tunneling probability is calculated from Eq. (1) 
and the Appendix, with the integral over Eth beginning 
from Ecs [dashed line, Fig. 1(b)]. 
Over a narrow temperature range, the phonon-assisted 
tunneling probability P may be expressed as 
P=Poexp(-E,/kT), and one has 
7= /1eXp[ (EDx E,)/kT] 	 (4) 
with To =r0P0 1 and an apparent capture energy 
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dependent. Considering that P0 =1 for phonon-assisted 
tunneling in the high-temperature limit, the value of 4 
should be the same as the case for direct capture by deep 
traps at high temperatures, i.e., 4 -10-11 sec. At lower 
temperatures ( T - 77 K), P0 « 1, and 4 »T0. 
The calculated results for type-B tunneling-assisted 
capture into deep traps are also plotted in Fig. 2 using 
DX-center capture energies E, = 80 and 170 meV. Note 
that E; taken from the slope of the curves in Fig. 6 is 100 
meV at 77 K for EDX = 80 and 340 meV at 160 K for 
EDx = 170 meV. 
For comparison direct capture in the Al x Gai _x As lay-
er by shallow or deep traps after type- A tunneling is plot-
ted in Fig. 2 as dashed lines, with shallow-trap capture 
energies equal to 5 meV, and deep-trap capture energies 
chosen as 80 and 170 meV. 
Another type of tunneling process that could contrib-
ute to TPC is electron-impurity tunneling 3 [Fig. 1(c)]. 
This mechanism suggests that 2D electrons tunnel into 
the Alx Gai _„As depletion region and then are captured 
by deep traps. The trapping begins with donor traps 
nearest the 2D EG. While the initial 2D EG states and 
final trapped states have to be real, the intermediate 
states (e.g., in the forbidden gap) do not have to be real, 
but can be regarded as virtual states. 12 Though the de-
tailed nature of the "virtual states" are not fully clarified, 
recapture dynamics of this tunneling would follow a de-
cay curve with a much longer lifetime prefactor due to a 
small tunneling probability. For example, experiments at 
temperatures below 100 K have shown 3 that the lifetime 
prefactors are of the order of 1 sec, and the effective cap-
ture energy is estimated to be below 10 meV. 
We now summarize the key results from Fig. 2 and 
make some predictions (excluding electron-impurity tun-
neling). For T <50 K, the observable capture within a 
time window of 10 -3- 104 sec is only shallow-donor relat-
ed. For higher temperatures both shallow and deep traps 
can be involved. 
Because the Al.,Gai _x As-layer conduction band 
moves up with respect to E0 during photodecay, 
tunneling-assisted capture can change from type- A to 
type-B tunneling. When all donors are photoionized 
[Fig. 1(a)] there is a large depletion width and low 
Al,,Ga l _.„As conduction-band minima so that type- A 
tunneling-assisted capture initially takes place. After a 
sufficiently long decay time, the Al„Ga l ...„As conduction  
band is above E0 but below the original in-dark conduc-
tion band [Fig. 1(b)], and then type-B tunneling-assisted 
capture takes place. 
As an example, consider the case of T=77 K in Fig. 2. 
Direct capture by 80 meV deep centers and type- A tun-
neling occurs too quickly to be detected within an experi-
mental time window of 10 -3-104 sec of this work. In-
stead the first process to be observed is direct capture by 
shallow donors. Then, if the Alx Gai _„As-layer conduc-
tion band moves above E0 , type-B tunneling-assisted de-
cay (with 80 meV deep traps) can be detected. E; will be 
about 100 meV due to the additional Eth at 77 K, and 
co- 10-5 sec (y intercept of the slope in Fig. 2), which is 
much longer than the DX-center capture prefactor of 
10 -11 sec. Alternatively, if the Al„ Ga l As layer con-
duction band does not move above E 0, as in the case of a 
wide, doped layer with a large number of free electrons in 
it, direct capture to 170 meV deep traps dominates. 
When the temperature is as high as 160 K, the first 
process to be seen within the same time window 
(10 -3-104 sec) is direct capture by shallow traps. The 
next process to appear is type-B tunneling-assisted cap-
ture by 170 meV deep traps. In this case, E; (about 340 
meV) will be much large than the DX-center capture en-
ergy 170 meV, but the lifetime prefactor remains close to 
the value of 10 -11 sec. 
HI SAMPLES AND MEASUREMENTS 
The molecular-beam-epitaxy- (MBE-) grown hetero-
structure samples in this work had the following layer se-
quence: Si-doped GaAs cap layer, doped Al„Ga i _„As 
layer, thin undoped Al Ga l _x As spacer layer, thick un-
doped GaAs buffer layer, and semi-insulating GaAs sub-
strate. A two-dimensional free-electron gas is formed at 
the interface between the undoped Al z Ga i _„ As and 
GaAs buffer layers, separated by the spacer layer from 
the nearest donors in AlGa i _ x As layer. A typical de-
vice, the so-called high-electron-mobility transistor, has a 
metal gate with a conductive channel width much larger 
than the distance between source and drain ( > 10:1). 
Other samples employ a van der Pauw (VDP) square 
geometry with an ohmic contact in each corner. 
Samples from two different sources were used. Sum-
marized in Table I are their principal parameters: the 
TABLE I. Principal parameters of samples. Sample label, cap-layer thickness L,, cap-layer doping 
density Ndc , Al.Gai -.As layer thickness L., Al.Ga _x As layer doping density N4,0 , undoped spacer 
thickness L„ gate voltage threshold ( V, ) at 77 K in the dark, the net ionized donor density Itri in deplet-
ed Al.Ga l _. As layer at 77 K in the dark, and the percentage increase of Ar, after identical brief white 
light illumination sufficient to saturate the PPC change. Layer thicknesses are in units of nm and 
doping/carrier densities are in units of 10" cm -3. All samples had an aluminim fraction x =0.3 in the 
doped Al. Ga 1 -.As layer. 
'Tek: Tektronix Inc., R. Gleason and R. Koyama. 
bCornell: Cornell University, W. Schaff. 
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cap-layer thickness Lc , cap-layer doping density Nd,,, 
Alx Ga i _„ As layer thickness L,,, Alx Ga i _x As layer dop- 
ing density N4, a , and undoped spacer thickness L5 . Table 
I includes the threshold gate voltage ( V, ), and net ionized 
donor density N1 in the depleted AlGa l _„As layer at 77 
K in the dark, as well as the percentage increase of Ni 
after saturated PPC for sample B. Sample D, an ungated 
VDP square, had x =0.3 in the Si-doped Alx Ga _x As 
layer but x =1.0 in the undoped spacer layer and a 10 nm 
undoped Alz Ga l _x As layer (x =0.3) between the cap 
layer and the doped Al x Ga l _ x As layer. Sample C has 
layer parameters similar to sample D but a different an-
nealing temperature. For samples C and D (with relative-
ly thin doped Alx Ga l _ x As layers, L„ =30 nm) the in-
dark band bending is like that shown in Fig. 1 and there 
are few free electrons in the Al x Ga i _ x As layer. Table II 
shows the in-dark and following-light exposure carrier 
density and mobility of samples C and D at 77 K. 
For sample B (a gated HEMT), the source-drain 
current Is") was measured with a fixed source-drain volt-
age. For the ungated van der Pauw samples C and D, the 
carrier densities N, were measured via the Hall effect. 
For example, [Fig. 3(a)] after illumination is removed, N, 
of sample C decays with an initially fast decay, followed 
by a continuously decreasing decay rate. The decay is 
nearly a straight line when plotted as a function of 
log 10(t) for close to seven orders of magnitude in time in-
dicating a wide range of the decay time constant [Fig. 
3(b)]. Similar decay measurements of Is]) from sample B 
show this nonexponential result. 
IV. ANALYSIS USING ln( t)-DERIVATIVE 
METHOD 
In view of the possible decay mechanisms previously 
described detailed information about capture energies 
and lifetime prefactors is needed to distinguish among the 
different processes that contribute to TPC. In the follow-
ing, we demonstrate how the temperature-dependent de-
cay time can be analyzed using a ln(t) derivative tech-
nique (full details are found in Ref. 13). This yields a trap 
spectroscopy with characteristic energies and lifetime 
prefactors that differ so significantly for different capture 
mechanisms that phonon-assisted tunneling and other de-
cay channels may be unambigously identified. 
Assume a general form of multirate decay of the free-
electron number density N (t) at a fixed temperature T: 
N(t)= Nioexp( —117; ) , 	 (5) 
a 
TABLE IL This table presents the carrier densities and 
mobilites of van der Pauw samples C and D before and after 
light exposure at 77 K.  
Mobility [cm2/(V s)] 
65 000 (dark) 
76 000 (after light) 
39 000 (dark) 
46000 (atfer light) 
where N10 is the initial number density of decay channel i, 
and with a corresponding individual lifetime ri. 
Define a quantity K (t), as the ln(t) derivative of N (t), 
by 
K(t)= —dN /d[ln(t)] 
= —t dN /dt 
= ( t 	)Nioexp( —t /T; ) . 	 (6) 
Notice in Fig. 4 that one decay channel produces a sin-
gle peak in K(t) (dot-dashed curve) with a width extend-
ing over a decade of time. A set of nonvanishing decay 
features extending over many decades in time indicates a 
band of decay channels whose characteristic energies and 
prefactors may be determined by tracking them over a 
range of T. 
Consider the decay process over a narrow enough tem-
perature range T to T' so only one decay mechanism 
dominates, and one can obtain the following relation be-
tween r; and ri: 
	
*1-; = riexp[(E /k7") — (E /k )] , 	 (7) 
where E is the capture energy, and r is the new lifetime 
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FIG. 3. Multiple-rate TPC decay in the carrier density, Ns 
from sample Cat 77 K. (a) N, plotted against t. (b) N. plotted 
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FIG. 4. K (t) of sample C for repeated measurements at 72 K. 
For comparison, the dot-dashed curve is K(t) for an arbitrary 
single rate decay with r=10 sec.  
by analyzing the capture energies and lifetime prefactors 
over different temperature ranges." Raising T speeds up 
each decay, but for a small enough temperature change, 
individual peaks or structure can be tracked. The 
characteristic activation energies of particular decay 
structures are obtained from their temperature-induced 
shifts in time. 
K (t) was determined from the decay of N, for van 
Pauw samples C and D and the decay of isrt for HEM'. 
sample B. In repeated measurements following illumina-
tion (sufficient to saturate / SD or N,), the K (t) versus 
log io(t) plot of the decay curve shows no significant shift 
of principal features at the same temperature. Data in 
Fig. 4 shows decay curves, repeated one after another for 
sample C with identical illumination before each decay. 
The main features of the data are also reproducible with 
different histories, such as random thermal cycling or 
previous illumination at different temperatures. 
A. Sample C 
Figure 5 shows the temperature dependence of K (t) 
from sample C for 68 K < T < 85 K. The sample was ex-
posed to 1 sec of white light before each decay. The 
broad individual decay peaks can easily be tracked on top 
Ni(t)=2,Nioexp(—t 	) 	 (8) 
is the form of the decay at T', the corresponding new 
value of K (t) at T' is 
K'(t)=M(t ir;)11 r ioexp(— t ir;) . 	 (9) 
A plot of K'(t) versus In( t) will simply be displaced by 
[(E /kT')—(E /kT)] from K(t) at the same ln(t). There-
fore, the capture energy E, and the decay time prefactor 
can be determined from the temperature-dependent dis-
placements of K (t). 
When the lifetimes for direct capture into one type of 
ionized donor and tunneling-assisted capture into another 
kind of donor are comparable within the same time win-
dow, the resulting mixture depends on the amplitude of 
each decay channel. The fewer the free carriers in the 
doped Alx Ga l _x As layer after type-A tunneling, the 
more difficult it is to distinguish a direct capture peak in 
K (t) from tunneling-assited capture. However the 
temperature-induced shifts of different peaks or struc-
tures will vary if they have different thermal activations. 
Although direct capture by DX centers in not very 
thick doped Al„Ga l _ x As layers is difficult to detect, 
type-B tunneling-assisted capture by DX centers can easi-
ly be observed at high temperatures because this directly 
reduces the 2D electrons. So from Eq. (4), the DX-center 
capture energy can be deduced indirectly. 
V. DETECTION OF PHONON -ASSISTED TUNNELING 
This section presents the photodecay data from 
different samples and identifies the TPC mechanisms dis-
cussed in Sec. I. The TPC mechanisms are determined 
8.1 	 Sample C 
0.01 0.1 	1.0 	10.0 100 1000 
Time (sec) 
FIG. 5. KW for sample C between 68 K < T < 85 K. Up ar-
rows indicate the positions of peaks near t =1 sec. Down ar-
rows indicate the positions for specific values of K (t) at each 
temperature. The horizontal error bars in this and the follow-
ing figures indicate variations of the positions of either peaks or 
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of a slowly increasing base line. The error bars indicate 
the variation for TPC decays repeated at the same tem-
perature. Notice that the peak values of K (t) (near 1 sec) 
are nearly the same when they shift with temperature. E; 
and To are deduced from the temperature dependence of 
the peak shifts. The peaks near 0.01 sec show nearly zero 
activation energy and T0 — 10-2  sec. This is identified as 
direct capture by shallow donors. But the capture energy 
obtained from peaks near 1 sec is 100 meV with T0 -10-7 
 sec (which is much longer than the DX-center direct-
capture prefactor of 10 -11 sec). For longer times, there 
are no obvious peaks to track, but a slowly increasing 
structure is clear, corresponding to a band of decay chan-
nels whose overall horizontal shift for the same values of 
K (t) can be tracked at different temperatures. The cap-
ture energy of tracks shown in Fig. 5 are measured to be 
100 meV±20 meV with To -10-3-10-7 sec. The result-
ing high thermal activation energy (100 meV) and long-
lifetime prefactors are consistent with the prediction in 
Fig. 2 for type-B tunneling-assisted capture (with a DX 
capture energy of 80 meV for T =77 K). 
For higher temperature TPC decay in sample C 
(86 K < T < 178 K, Fig. 6), the time window is set from 1 
msec to 500 sec. In this temperature range, every curve 
shows a single decay peak (with a few msecs lifetime) that 
is followed by a slowly increasing baseline. The tempera-
ture dependence of the single fast-decay lifetime displays 
the bahavior of shallow donors seen at lower T (Fig. 5). 
For 160 K <T < 178 K, a group of peaks are tracked that 
result in E;= 340±40 meV and To — 10 -9 sec. This is in-
terpreted as type-B tunneling-assisted capture, with a 
DX-center capture energy E, =170±40 meV, that is con-
sistent with results from other work. 15• 16 
B. Sample D 
Figure 7 shows the shifts of decay groups with temper-
ature on sample D. The broad individual decay peaks 
can be easily tracked on top of a slowly increasing base 
line for 130 K < T < 145 K. Notice also that the peak 
values of K (t) are nearly the same when they shift with 
temperature. The peak value of K(t) is 1010 cm-2, 
which corresponds to a decrease in Ns of 1.2 X 1010 cm-2. 
E; is measured to be 400±40 meV with T o — 10-13 sec. 
This high apparent capture energy for 130 K < T < 145 K 
is interpreted as type-B tunneling-assisted capture, and 
the resulting value of E, is 230±40 meV, which is slightly 
higher than the results from samples C and L with the 
same Al fraction. 
By contrast, in Fig. 8 (sample D) for 82 K < T < 110 K, 
there are no obvious peak shifts to track, but a slowly in-
creasing base-line structure becomes clear, whose overall 
horizontal shift at the same values of K(t) can be tracked 
as a function of temperature. In addition note for corn-
parision the superposition (dashed line) of the resulting 
K (t) peak for a theoretical single rate decay process with 
To — 100 sec. The capture energy of the experimental 
tracks is measured to be about 20 meV with T o — 1-100 
sec. This lower activation energy and long-lifetime pre-
factor together with an increasing base-line structure is 
not explained by the results shown in Fig. 2. 
The behavior of K(t) for sample D was verified in an 
alternative decay experiment. A continuous temperature 




 CM ) 
FIG. 6. KW from sample C for 86 K < T <178 K. A 5 sec 
LED light pulse is used for illumination, with the data showing 
no significant change from exposure to white light.  




FIG. 7. K(t) of sample D for 130 K < T <145 K. Tracked 
peaks are indicated by short arrows and the "shoulders" are in-
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K (id%m4) 
110 K 
as- Sample D (x=0.3) 
Time (sec) 
FIG. 8. K (t) of sample D for 82 K < T < 110 K. In compar-
ison, the dashed curve is K (t) for a single rate decay with 
r=100 sec. Down arrows indicate the time positions for chosen 
values of K (r). 
lumination is shown in Fig. 9. When the sample is 
warmed from 77 K, a sudden dip in carrier density is ob-
served (see arrow) when T passes through 150 K, which 
agrees with the temperatures where large-K ( t) peaks 
were observed in Fig. 7. The decrease in N, (s 1.5 X 10 10 
 cm-2) is in good agreement with the value (1.2 X 10 10 
 cm- ) obtained from the peak value of K (t) in Fig. 7. 
C. Sample B 
Figure 10 is an example of TPC decay in sample B 
(from conductivity measurements) from 55 K < T < 74 K. 
K (t) displays a monotonically increasing base-line struc- 
Temperature K) 
FIG. 9. Temperature-sweep method of observing elevated 
TPC decay at special temperatures (arrow) for sample D.  
ture and has almost zero thermal activation energy. The 
monotonic behavior of K (t) indicates that the decay is 
occurring from a range of decay channels over a continu-
ous spread of relaxation rates. At zero gate voltage ( Vg ), 
there are some free electrons from shallow donors 
( -20% of the total donors for the case of x =0.3) in the 
thick (100 nm, much wider than Wd in-dark) doped 
Alx Ga i „As layer. Eca will line up with E0 of the 2D 
EG (unlike the case shown in Fig. 1), so that no type-B 
tunneling-assisted decay takes place. After type-A tun-
neling, thermally activated behavior by direct capture to 
deep centers over a narrow intermediate temperature 
range 60 K < T < 80 K was expected, considering the re-
sults of other work on bulk material" and by decay of the 
threshold voltage which is sensitive to direct capture to 
deep centers in the Al„ Ga l _„As layer. 15 However the re-
sults of this work show that the carrier density in the 
Al.,Ga_ x As layer was not sufficient to produce a signal 
from direct capture that was large enough to be clearly 
detected from the decay background. 
Figure 11 shows K (t) from sample B for 122 
K < T < 159 K ( V8 =0) resulting in E, = 170±20 meV 
and To-10-6 sec. This energy is too low to agree with 
the apparent capture energy (C =34.0 meV) of type-B 
tunneling-assisted decay in the same temperature range. 
This is consistent with the fact that type-B tunneling-
assisted capture is not expected in this case where in a 
FIG. 10. K (t) of HEMT sample B for 55 K<T<74 K 
(V, =0). Down arrows indicate the time positions for chosen 
values ofK(r). 
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FIG. 11. K (0 of HEMT sample B for 122 K < T <159 K 
(Vg =0). 
thick doped Alx Gal _x As layer (100 nm) ECB does not 
rise above E0 . 
VI. SUMMARY 
Using an analysis method based on dN /d[ln(t)] (or al-
ternatively dim /d[ln(t)]) we have been above to detect 
distinct decay features of transient photoconductivity in 
GaAs/AlGai _z As heterostructures. This method was 
employed on different heterostructures and HEMT de-
vices. The results permitted us to identify the contribu-
tion to TPC of phonon-assisted tunneling from other 
PPC-decay mechanisms. 
The thermal activation features described in the previ-
ous section are summarized in Fig. 12. The results, 
which are consistent with the predictions in Fig. 2, are 
connected by solid lines. The data shows TPC decay 
occuring mainly through direct capture by shallow traps 
and type-B tunneling-assisted capture by deep traps in 
the Al z Ga l As layer. At temperatures near 77 K, only 
deep-trap-related type-B tunneling-assisted decay (with 
E, = 80±20 meV) was observed within the time window 
10-3-104 sec. At temperatures near 160 K, trap-related 
type-B tunneling-assisted decay dominates (with capture 
energy between 170-230 meV). 
The DX-center capture energies (E, = 80-230 meV) for 
x = 0.3 deduced from type-B tunneling-assisted decay are 
in reasonable agreement with results (E, =110-200 meV)  
1:7 
■ Sample D 
• Sample C 
• Sample 
1.8 	1.2 	0.6 
r1 (10r2K-1 ) 
FIG. 12. Summary of the tracked peaks or other K (t) struc-
tures. The lines for sample D (82 K < T < 110 K) and HEMT 
sample B (55 K < T < 74 K), and the upper two lines from sam-
ple C (68 K < T < 85 K) are obtained from the horizontal shifts 
of chosen values of K (t). Data connected by solid lines are con-
sistent with the picture represented in Fig. 2, whereas data con-
nected by dashed lines are not. 
from other work. 14' 15 Direct capture by deep traps in the 
AlGa l _„As layer was not observed due to the low mo-
bility and small number of free electrons in this layer, 
hence their relatively small contribution to the transport 
current compared to that of the 2D EG. 
Other data connected by dashed lines are not con-
sistent with the picture in Fig. 2. For example, low ac-
tivation energy (E, <20 meV) features are present for 50 
K < T < 110 K but with lifetime prefactors longer (T o > 1 
sec) than the tunneling calculation of Fig. 2 would per-
mit. Also, thermally activated behavior with E E =170 
meV and T0-10-6 sec is present for 120 K < T < 160 K 
in HEMT sample B (Vg =0). This capture energy is too 
small to agree with type-B tunneling-assisted decay at the 
same temperatures. All of the above long prefactors indi-
cate the involvement of tunneling-assisted decay. These 
features are consistent with the experimental results 3 
 which led to the proposal of 2D-electron virtual-state im-
purity tunneling. Since the proposed virtual states are 
not yet clarified, more theoretical modeling and experi-
mental work are needed to determine its contribution to 
TPC. 
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APPENDIX 
Expressions for the tunneling barrier U(z), which be-
gins from the level Et h above E0 , and the tunneling bar-
rier width 20 are calculated as follows for conduction-
band bending [shown as the solid cruve in Fig. 1(a)] after 
illumination. U(z) and 20 are determined from Et h, LtE„ 
and L as shown in Fig. 1(a), and the ionized donor num-
ber density Ni (in units of 10 18 cm -3). All energies are in 
units of eV, and all distances are in nm. 
The value of the depletion width after type-A tunnel-
ing ( Wd =z 1 — L) is obtained by 
—E0 =[(z 1 —L ) 2 +2L(z i —L )]N1 /1458 . (Al) 
Given a value of the depletion width ( Wd = z 2 —L ) at 
this moment with band bending shown as the solid curve 
in Fig. 1(a), the difference between the Al x Ga l _„As layer 
conduction-band minima and E0 of 2D EG is 
LtE =[(z 2 —L ) 2 -1-2L(z 2 — L )]Ni /1458 — 	+Bo , 
(A2) 
and the value of U 0 shown in Fig. 1(a) is  
U0 =(z 2 —L ) 2Ni /1458 . 	 (A3) 
Then, in the case of U0 —AE >Eth , i.e., z 0 > L, we have 
zo =z2 —[(AE+Etb )1458/Ni ] 1 r2 . 	 (A4) 
There are two formulas for U(z). If z <L, 
U(z)=(AE,—E 0 —U0 + AE)(1—z /L) 
+U0 — AE 	; 	 (A5) 
but if z > L, 
U(z)=U0 [1—(z —L )/(z 2 —L )] 1/2 — AE — 	. 	(A6) 
In the case of U0 —AE <Etb , i.e., 20 <L, there are 
different formulas: 
zo =L (AE,— E 0 —E,h )( 	— Eo — Uo + AE) -1 	(A7) 
and 
U(z)=(AE,— E 0 — U0 + .E)(1-2 IL )+ U 0 
— AE —Eth • 	 (A8) 
The above equations can be applied to type-B tunnel-
ing by replacing z 2 and U0 by their counterparts 4 and 
U,'; [Fig. 1(b)]. 
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Infrared quenching of persistent photoconductivity in GaAs/Al„G _ x As heterostructures 
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Carrier number density and conductance measurements on GaAs/Al„Ga i _,,As heterostructures 
for 2 < T <77 K confirm there is an infrared-induced (ir, h v < 0.7 eV) quenching of persistent pho-
toconductivity (PPC) in samples with x =0.30, 0.23, and 0.21. This is observed in both ungated and 
gated heterostructures with small gate biases. Measurements of de Haas—Shubnikov (dHS) oscilla-
tions show a decrease (relative to the PPC state) of the two-dimensional electron number density 
from the ir illumination, accompanied by increases in the dHS oscillation amplitude and the carrier 
scattering lifetime when the Al x Ga i _,As layer is not fully depleted. Together with shifts of the 
transconductance peak gate voltage and threshold voltage during ir quenching, the data establish 
that the decay in PPC is dominated by the capture of ir-excited free electrons back to deep centers 
in the Alx Ga l As layer. The capture-cross-section value estimated from the data is about 10 -20 
 cm2 , which agrees with a calculation based on the energy of the ir-excited free electrons and the 
deep-trap-capture barrier height and decay prefactor. Data from gated samples show a gate electric 
field effect, where ir quenching (low electric fields) changes to ir enhancement (strong electric fields). 
This is discussed in terms of an electric-field-induced decrease in the optical threshold of emission 
from DX centers. 
I. INTRODUCTION 
Recently, we and others ) have observed that while 
broadband white light (h v> 0.8 eV) enhances conductivi-
ty in high-electron-mobility transistor (HEMT) struc-
tures, infrared light (ir, h v > 0.5-0.8 eV), can erase a 
portion of the persistent-photocurrent effect (PPC) 
enhanced carrier density. An understanding of this 
phenomenon, known as infrared quenching (IRQ), helps 
resolve remaining puzzles of persistent photoconductivity 
and offers an opportunity for an intriguing application of 
PPC for optical information storage. 
Nathan et al. 1 have observed infrared (h 
eV) quenching (as a 2% increase in the resistance) in an 
ungated GaAs/Al x Ga i _„ As heterostructure sample 
(x =0.3) at 80 K. It was suggested ) that this increased 
resistance occurs when the electrons are excited out of 
the high-mobility two-dimensional electron gas (2D EG) 
by absorption of the ir light and cross the barrier into the 
Alx Ga l , As where they are recaptured. While the mac-
roscopic barrier present in GaAs/AlGa i _,As hetero-
structures ordinarily prevents PPC-induced electrons at 
the 2D interface from rapid recapture by ionized donors 
in the Alx Ga l _ x As layer, an ir-excited free electron can 
easily overcome this barrier (= 0.2 eV). The details were 
not explored in that work, but it may be noted that the 
photon energies where IRQ was observed (0.6-0.8 eV) 
were not sufficient to make electrons hop macroscopic re-
capture barriers ( > 0.8 eV) to recombine with holes in 
the epitaxially grown GaAs buffer layer or ionized impur-
ities in the GaAs substrate. 
Obviously free-carrier absorption of ir photons can 
occur in the Si-doped Al x Ga i _ x As layer. But no reports 
have appeared that show significant infrared quenching 
of PPC in essentially "bulk" Al x Ga i _ x As material which 
is generally grown on an undoped GaAs substrate and 
may actually be regarded as a GaAs/Al x Ga l _ x As 
heterojunction with a thick ( —1 pm) doped Al Ga l _ x As 
layer. 2 This weak ir response in "bulk" doped 
Alx Ga i _ x As is consistent with the DX-center model 
shown in Fig. 1. The occupied DX center (trapped-
carrier state) has an energy above the conduction band 
when at the configuration coordinate value where the 
unoccupied DX center (free-carrier state) sits with 
minimum energy. A valence electron, whose energy level 
is at least Egap below the occupied DX center, cannot be 
optically transferred to a DX center by infrared light 
(hv<Egap ). However, as suggested by Nathan et al., a 
conduction-band electron (i.e., unoccupied DX-center 
configuration) can be recaptured, forming an occupied 
DX center when the free electrons are excited by infrared 
light with photon energy E 1 smaller than the onset pho-
ton energy Eopticai (Fig. 1) . 
This DX-center filling mechanism is expected to be a 
relatively weak effect in bulk Al x Ga i _,As due to a con-
duction electron's small optical-absorption cross section 
(shown to be 10 -19 cm2 in the Appendix). The change in 
the Alx Ga l _„As carrier density (N 1 ) in HEMT struc-
tures is also expected to be small in measurements of the 
total sheet number density Ns or source-drain current, 
'SD [Eqs. (1) and (2)]. The charge control model 3 and 
parallel conductance experiments 4 have shown that Ns 
 and 'SD  are dominated by the 2D EG density (N 2D )
whose mobility is 100 times larger than carriers in the 
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Alx Ga I „As. However, a multiplier effect comes into 
play when the Al x Ga i _ x As layer is depleted, and N2D 
becomes sensitive to small changes in the ionized donor 
density of the doped Alx Ga i _ x As layer (Ni ). For exam-
ple, a 1% decrease in a nominal 2X 10 17 cm -3 ionized 
donor density in a 100-nm-thick doped Al ., Ga l „As lay-
er changes N2D by 2X 10 10 cm -2 out of a total 4X 10 11 
 cm-2 (e.g., Fig. 2) or 5%, for a multiplier effect of 5. For 
HEMT samples with the gate voltage ( Vg ) near threshold 
( Vr ), the multiplier effect can be much bigger because of 
the much smaller total N2D. We propose that this is why 
IRQ is observed to be most significant for samples 
without free carriers in the Al„ Ga l As layer. 
The following sections explore several aspects of the 
capture of ir-excited free electrons. (i) When infrared 
light with hv< 0.65 eV is used (thus avoiding contribu-
tions from the GaAs buffer layer and substrate), it is pro-
posed that IRQ occurs by the capture of ir-excited elec-
trons into traps in the doped Al„Ga i „As. Within this 
capture picture N. decreases, with a corresponding de-
crease in N2D. These changes in N, and N2D also change 
the 2D EG mobilities, which can be measured by either 
classical or quantum (de Haas—Shubnikov) methods. 5 (ii) 
The excitation is due to absorption of ir photons by free 
electrons. The capture cross section of ir-thermalized 
electrons trapped by deep levels must agree with the 
deep-trap-capture barrier heights and decay prefactors 
determined from independent thermal capture experi-
ments. The discussion of part (ii) is left for Sec. VI. Ex-
perimental results from a variety of gated and ungated 
samples from different sources will be shown to be con-






FIG. 1. The configuration coordinate model for a DX center. 
The figure shows the path for PPC onset and transition energy 
Eoptical, as well as that for ir quenching and onset threshold, E 1 . 
FIG. 2. Infrared-quenching: A typical source-drain current 
from sample F at 2 K under the influence of brief white-light 
and continuous ir illumination. 
II. SAMPLES AND MEASUREMENTS 
Most of the molecular-beam-epitaxy (MBE) grown het-
erostructures used in this work had the following layer 
sequence: Si-doped GaAs cap layer, Si-doped 
Al,Ga i _ x As layer, undoped Al x Ga 1 _ x As spacer layer, 
undoped GaAs buffer layer, and semi-insulating GaAs 
substrate. A 2D EG forms at the interface between the 
undoped AlGa i „As and GaAs buffer layers, separated 
by the spacer layer from the nearest ionized donors in the 
Al„Ga i „As layer. A typical device, the so-called high-
electron-mobility transistor, has a metal gate on top of 
the GaAs cap layer with a length (L) to width ( W) ratio 
L/W> 10. Another type of device is a simple van der 
Pauw (VDP) square with an Ohmic contact in each 
corner. 
Samples from four different MBE sources were used. 
Summarized in Table I are their principal parameters: 
aluminum fraction x, cap-layer thickness L c , doping den-
sity Nd, , of the cap layer, Al x Ga i „As layer thickness 
L 0 , Alx Ga i _ x As layer doping density Nd, undoped 
spacer thickness L 5 , gate voltage threshold (V 1 ) at 77 K 
in the dark, the net ionized donor density N1 in the dep-
leted Alx Ga i „As layer at 77 K in the dark, and the per-
centage increase of Ni after identical brief white light il-
lumination sufficient to saturate the induced PPC. Sam-
ples A—C, E, and F were gated samples. Samples A, B, 
and G are on the same chip, but sample G is ungated. 
Samples A, B, F, and G had the same Al fraction 
(x =0.3) while samples C and E had x =0.21. Sample 
D, an ungated VDP, had x =0.3 in the doped 
Al,Gai „ As layer but x =1.0 in the undoped spacer lay-
er. Sample H is an ungated VDP square with x =0.23. 
For gated HEMT samples, the source-drain current 
'SD was measured with a fixed source-drain voltage 
( VsD ). For ungated Van der Pauw samples, N, was mea-
sured via the Hall effect. When the 2D EG mobility 
(,u 2D ) is much larger than the mobility of electrons in 
Alx Ga i „As layer (ii i ) such that it iN i <<,02DN2D (the 
difference between Hall mobility and conductance mobili-
ty is ignored because only the ratio 11, 1 /P2D is important 
Gold 
Si-Al Ga As 
Gate 	 x 1-x GaAs 
Undoped 
Si-Al Ga As 
x I -x N2D 
No Change 
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TABLE I. Principal sample parameters. Sample label, source, aluminum ratio x, cap-layer thickness L„ doping density Nd, , of 
the cap layer, AL,Ga i As layer thickness L„, As layer doping density Nd, undoped spacer thickness L,, gate voltage 
threshold ( V, ) at 77 K in the dark, the net ionized donor density N, in the depleted AL,Ga l As layer at 77 K in the dark, and the 
percentage increase of N, after identical brief white-light illumination sufficient to saturate the PPC-induced change. The layer 
thicknesses are in units of nm and doping or carrier densities are in units of 10 17 cm -3 . 








(V) AN ; /N; 
A,B Teka 0.3 50 2 100 10 5 —0.5 1.9 15% 
C TCSFb 0.21 20 6 120 6 8 —2.0 2.9 11% 
D Cornell' 0.3 20 10 30 10 10 ungated VDP 
G Teka 0.3 50 2 100 10 5 ungated 
E TCSFb 0.21 20 6 120 6 8 —1.2 2.3 13% 
F Teka 0.3 50 2 100 10 5 — 0.2 1.6 20% 
H GEd 0.23 25 10 10 10 15 ungated VDP 
aTek: Tektronix, Inc. 
I'TCSF: Thomson-CSF (Paris). 
'Cornell: Cornell University. 
dGE: General Electric Company. 
in this case), NS and 'SD  can be written as 
Ns =N2D + 2AT titt/12 2D 	 (1) 
(Hall measurement 6) and 
/SD 	eG VsD11213( N2D NI/1 141 2D ) 	(2) 
(conductivity measurement) where G (= W /L) is a 
geometrical factor for short-gate samples. In this study, 
Ftt 103 cm2/V sec while A2D ,-.25105 cm2/V sec and N 1 
 never exceeds N2D significantly, such that the condition 
for Eq. (1), A I N 1 << rt N ,--2D- 2D, is satisfied. 
The ir light came from a white-light source filtered 
through a germanium lens with a cutoff at 0.67 eV. This 
is well below the onset optical threshold of 0.8 eV for 
PPC in GaAs/Alx Ga i ,As heterostructures. t Infrared 
quenching of PPC was observed for 2 < T <77 K in all 
samples. Figure 2 shows a sequence of /SD versus time 
and light exposure where sample F has first been cooled 
from 300 to 2 K in the dark. The initial response to ir 
light is a weakly enhanced conductivity, in contrast to 
the larger increase in 'SD  from white-light illumination. 
When the white light was removed, /SD approaches a  
White 
4.50 oft Sample D 	(x=0.3) 
- r- 
• E Nd = 10x10 18cm-3 
,-0 4.44 
77 K 








0 200 400 600 	800 	1000 
base line far above the initial in-dark value following an 
initial fast decay. After this, exposure to infrared il-
lumination partially quenches the PPC enhancement of 
/SD. Under steady ir illumination the quenching begins 
FIG. 4. The conduction-band bending in different layers of a 
HEMT device under different gate biases, going from (top) 
parallel conductance in the Al, Ga i _ x As layer ( =0) to (bot-
tom) full depletion in the Al x Ga l As. 
Time (sec) 
FIG. 3. Measurement of N, during ir quenching in sample D. 
-1- 
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with a fast relaxation that slows as it approaches a base 
line value. For later times at these temperatures /sD 
remains virtually unchanged after ir illumination is re-
moved. 
The base line value from IRQ does not depend on the 
illumination intensity. But the quenching decay time is 
strongly dependent on the ir light intensity. For exam-
ple, when the ir intensity was increased by a factor of 10, 
the quenching time to the base line value was also re-
duced by a factor of 10. 
At 77 K IRQ decreases Ns by 2% in sample D (Fig. 3) 
and 5% in sample H. For HEMT samples with Vg set so 
there is parallel conductance in the Al,Ga i _ x As layer 
from low-mobility carriers [Fig. 4, (top)), the relative de-
crease of /sD from IRQ is -1%. But when Vg is set 
close to V, and only the 2D EG remains [Fig. 4, (bot-
tom)], IRQ reduces /sD by more than a factor of 10. 
III. INFRARED QUENCHING OF PERSISTENT 
PHOTOCONDUCTIVITY 
Since ir quenching reduces /sD (Fig. 2), it is clear that 
the mechanism does not transfer electrons from the 
A1x Ga i _ x As layer to the 2D interface, since ,u 2D >>/./. 1 so 
/sD would increase rather than decrease. To determine 
the net change in carriers in the Al x Ga t As layer, in-
formation other than simply the change in the source-
drain current or overall sheet number density is required. 
A. Transconductance of gated samples 
For the gated depletion mode devices used, the con-
duction band bending across the Al x Ga l _ x As layer was 
changed by varying the gate bias (Fig. 4). According to 
the charge control model for HEMT devices, 3 ' 2 initial de-
creases (more negative) in Vg reduce the conductance of 
the Alx Ga i ,As layer while N2D remains unchanged. 
When all carriers in the Al, Ga l ,As layer are depleted 
by Vg , N2D begins decreasing with further lowering of Vg 
until channel pinchoff occurs. From this picture of 
charge control, the transconductance (gm ---Wi sp /dVg ) 
shows low values in the range of Vg which controls just 
the low-mobility carriers in the AlGa i ,As layer, but 
reaches much higher values when the gate bias controls 
the high-mobility 2D EG. When the transconductance is 
measured from V, < Vg <0, the gm peak occurs at 
Vg  = VP , just past the point of N 1 =0, and V, occurs when 
N 1 and N2D have been depleted. Therefore, shifts of Vp 
and V, during thermal or optical processes provide im-
portant information about the carrier density changes in 
different heterostructure layers. 
Figure 5 shows the following sequence of transconduc-
tance curves for sample A at 77 K: (1) sample initially in 
the dark, (2) after 30 sec of exposure to white light, (3) 1 
min after removing the white light, and (6) after 2 min of 
infrared-light exposure. In addition, portions of the tran-
sconductance peak are shown (4) immediately after ir il-
lumination begins and (5) 30 sec later during IRQ. The 
data in Fig. 5 show a shift of VI, from -0.15 to -0.42 V 
when going from the dark state to a fully saturated PPC 
state. VI, relaxes back to -0.38 V after the light is re-
moved and then shifts further to -0.28 V upon receiving 
FIG. 5. Typical transconductance peak shifts under the 
influence of brief white light and continuous ir illumination 
from sample A at 77 K. 
infrared illumination. V, shows similar behavior. The 
relative difference between V, and Vp also changes during 
these processes (0.13 V in dark, 0.17 V with white light 
on, and 0.15 V after IRQ), which indicates changes in de-
pletion of the 2D EG. The change in N 1 at Vg =0 is es-
timated from shifts of V, or Vp by assuming the capaci-
tance to be C E A /d. 3 For sample A e=13 is the 
dielectric constant, A =3 X 10 - ' cm2 the area of gate, 
and d =150 nm the distance between the gate and 2D 
EG interface with the result C =0.3 pF. From 
AQ=C iX V„ there is a 3 X 10 16-cm -3 increase in N 1 upon 
white-light illumination, and a 1 X 10 16-cm -3 decrease 
upon ir illumination, for a 100-nm-thick doped 
AlGa _ x As layer. The estimated changes in N 1 (+3% 
with white light on, -1% after IRQ) are consistent with 
the relative changes in /sD (+ 6% with white light on, 
-1% after IRQ) compared to N d = l X 10 18 cm -3 for 
HEMT samples with large parallel conductance in the 
Al,Ga i _„ As layer (Fig. 2). 
A factor of 2 decrease in the gm peak amplitude is ob-
served in the PPC state followed by the recovery of 
higher gm values with IRQ (Fig. 5). This is evidence for 
N, increasing in the PPC state and decreasing from IRQ. 
Screening effects are of secondary importance since N2D 
only changes by a few percent. 
Sample E with a lower in-dark threshold voltage of 
-1.2 V at 77 K shows a similar pattern: Vp shifted from 
-1.1 V (in dark) to - 1.4 V (white light) and later decays 
to --1.35 V during the relaxation following white-light il-
lumination and shifts further to -1.15 V upon exposure 
to infrared illumination. 
The behavior of the transconductance permits us to 
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the ionized donor density in the Al .,,Ga i _ x As layer in-
creases upon white-light illumination but later decreases 
upon receiving ir illumination. 
B. de Haas—Shubnikov oscillations 
Considerable evidence of the proposed ir-quenching 
mechanism was also accumulated from the de 
Haas—Shubnikov (dHS) measurements. The dHS oscilla-
tion amplitude o- osc at low magnetic fields measures the 
2D EG mobility ,u 2D ( =erg /m * ) since 
=0 drq2 exp( — 71- /co c rq ) , 	(3) aosc C (B , nEcrxx(B 
if co c rg < 1. 8 In Eq. (3), w e is the cyclotron frequency, 
o- xx (B =0) the conductivity at zero magnetic field, 
C(B,T) a weak function of B and temperature, and Tq 
the quantum lifetime (Landau-level broadening), which is 
related to the classical Drude lifetime T, by 5 
/rg = (7/4 )tan(f3/2 ) , 	 (4) 
where /3=77-/Nh and Nh is the Landau index. 9 For the 
samples in this work, Nh is about 10, so Tq 
The ratio Tq /T c is not significantly changed during ir 
quenching so that the change of T c is proportional to that 
Of T9
. 
For a short-gated sample, a. xx (B) is directly measured 
from /sp . 1° For the VDP samples, o- xx (B) is calculated 
from measured values of the resistivities p„ (B) and 
pxy (B) by the relation 
axx(B)=Px,c(B)[Pix(B)+P.x2y(B)1 -1 • 	 (5) 
Figure 6 shows an example of the dHS oscillations 
from sample C at 2 K in the following sequence: in dark, 
after white light, and after IRQ. Shifts in both ampli-
tudes (aosc)  and periodicity (N2D ) are visible. The 
100% increase of o- osc after IRQ is accompanied by a 
FIG. 6. de Haas—Shubnikov oscillations in the magnetocon-
ductivity from HEMT sample C (Vg =0) at 2 K in the illumina-
tion sequence of dark, after white light exposure and after ir 
quenching.  
6% decrease of N2D. This is different from a sample in 
the dark exposed to white light, which involves macro-
scopic PPC effects from the GaAs buffer layer; in that 
case both N2D and o- Dsc increase (Fig. 6 where N2D in-
creases by 20%). 
The quantum lifetime is measured by fitting the oscilla-
tion amplitude to the leading exponential term in Eq. (3). 
Typical values of Tq after ir quenching are 
T
q 
 =2 8 X 10 -13 sec (sample C) 
Tq 	• = 3.8 X 10 -13 sec (sample H) . 
dHS measurements complement bulk /SD and Ns mea-
surements since they single out Ned and ,u2D at any point 
during PPC or IRQ, independent of the charge state of 
the parallel Alx Ga l _„As layer. Suppositions inferred 
from models or bulk transport can be checked indepen-
dently. 
The relative changes of N2D for samples C and F and 
ungated samples H and G are summarized in Table II. 
Samples G and F show 4 and 20% decreases, respective-
ly, in N2D after IRQ (no o- os, data is available because of 
the low mobility of these samples). Samples H and C 
( Vg =0) show 4.5-6.0 % decreases in N2D after IRQ. 
This is accompanied by an increase of 60-100 % in the 
dHS oscillation envelope amplitude at B =0.8 T. Notice 
that the 4.5% decrease of N2D upon ir illumination from 
sample H is consistent with the 5% decrease in N s from 
the Hall measurement establishing the validity of Eq. (1). 
The increase in N2D from ir illumination for sample C 
with Vg close to V, will be discussed in Sec. V. 
The data show an increase in N2D from white light and 
then a decrease upon ir illumination. It could be suggest-
ed that white light spreads photoexcited electrons from 
the gap between the gate and Ohmic contacts to under 
the gate. To avoid a large potential difference along the 
channel from this hypothetical charge redistribution 
(which is not observed), N 1 under the gate would have to 
decrease proportionately. This is contradicted by tran-
sconductance measurements that show Vg shifted to 
more negative values. The conclusion we reach is rather 
that free carriers are excited in the Al ., Gal _x  As layer 
under the gate upon white-light illumination and then de-
crease in that region due to infrared illumination. 
We will now show how changes in kt 2D can be related 
to changes in the remote ionized donor population due to 
PPC and IRQ. It has been determined that remote ion-
ized donors in the Al x Ga l _„ As layer provide the dom-
inant scattering mechanism of the 2D EG in 
GaAs/AlGa i _„As heterostructures at low tempera-
tures, 5 so that a decrease in Ni reduces scattering and in-
creases the 2D EG mobility. It has also been shown 11 ' 12 
 that the classical mobility p„. of the 2D EG obeys the fol-
lowing relation: 
CN30d 3efiNi-1 . 	 (6) 
Here, C is a constant and d efy is the effective distance be-
tween the ionized donors and the 2D EG determined by 
the distribution of ionized donors. The 1.5 power rela-
tionship between ,u, and N2D is due to screening effects: 
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TABLE II. Results from dHS oscillation measurements. The percentage change of the 2D electron number densities (N2D)  mea-
sured after ir ( <0.67 eV) illumination from the value of N2D that remains in the PPC state. The percentage change of the dHS oscil-
lation amplitude ac,„ after IRQ at B =0.8 T. For samples H and C ( Vg =0) we present the estimated percentage change of ionized 
donor density N, in the Al Ga l ,As layer following ir quenching of the PPC state, the calculated percentage change of 2D EG clas-
sical mobility ,a, including screening effects, the calculated percentage change of the quantum lifetime (AT, /7, ), from the data of Pt, 
N2D, and ao,c . The percentage change of quantum lifetime T q obtained by fitting the experimental data directly to the leading ex-




F F C 
HEMT 
C C 
x 0.23 0.30 0.30 0.30 0.21 0.21 0.21 
Vg (V) ungated ungated +0.20 0.0 0.0 —1.95 —2.14 
AN2D /N2D — 4.5% ±1% —4%±2% —20%±5% —20%±5% —6%±2% +10%±4% + 50%±5% 
/crow +60%±l0% +100%±10% 
ON; /N;  —14%±3% —13%±4% 
APtc/Ac +7%±3% +4%±3% 
(A-y.7,4 +9%±3% + 16%±8% 
AT„ q +6%±2% + 20%±4% 
a decrease of screening by a reduction in N2D enhances 
the scattering. There are two limiting cases. (i) Near V„ 
the relative change of N2D is much bigger than the rela-
tive change in N; and so it,. decreases with decreasing 
N2D • (ii) For incomplete depletion of the AlGa i _ x As 
layer both N2D and N; can change. By the depletion ap-
proximation and Poisson's equation N 1 —N3D. While 
white light can contribute a fraction a to the total N2D 
via electron-hole separation in the GaAs buffer layer, ir 
light has insufficient energy to induce electron-hole 
recombination in the GaAs buffer layer. Only (1— a )N2D 
 carriers are depleted from the doped Alx Ga i _ x As layer
by white light and, from the depletion approximation for 
a fixed conduction-band discontinuity, a small relative 
change in Ni can be approximated as 
ANN; /N; 2( 1 — a) -1 AN2D/N2D • 	 (7) 
Therefore, for IRQ, the relative decrease in N31 32 is less 
than the relative decrease in N. Ignoring weak changes 
in dCff , we observe for incomplete depletion of N 1 that ft, 
in Eq. (6) increases when N2D is decreased via IRQ. 
The portion a of N2D contributed by electron-hole sep-
aration in the GaAs buffer layer may be deduced from 
the difference between N2D following white light and ir 
quenching (assuming all photoelectrons originating from 
traps in the Al x Ga i _ x As layer are recaptured after IRQ). 
For sample H, a =35%, and for sample C ( Vg =0), 
a =10%. The resulting estimated values of AN 1 /N 1 and 
4, /ti c are shown in Table II. 
Two independent methods were used to verify the pre-
dicted increase of /2 2D in samples H and C ( Vg =0) both 
with parallel conductance in the Al,Ga. _ x As layer. 
From Eq. (3), a osc is an increasing function of both 
o- xx (B =0) and Tq for fixed magnetic field and tempera-
ture. From experimental data showing increases in a„sc 
after ir quenching and the calculated changes in 
axx(B = 0 )'''-'eN201-tc ,  we obtain the changes in Tq . The 
results listed as (AT q krq ), in Table II indeed show in-
creases for samples H and C ( =0). The second 
method directly fits the leading exponential term in 
Ando's expression to the dHS oscillation data. The re-
sults [shown as (Arq krq ) in Table II] also show T q in-
creasing after ir illumination. These changes are con-
sistent with the calculated increases of Tq deduced from 
osc• 
In conclusion, dHS oscillations show a decrease in N2D 
from ir illumination, accompanied by increases in the 
dHS oscillation amplitude and in Tq when the 
Alx Ga l _ x As layer is not fully depleted. This suggests 
ionized traps being filled in the Al x Ga i _ x As layer. To-
gether with shifts of Vp during ir illumination, the data 
indicate that IRQ occurs by the capture of ir-excited free 
electrons from both the 2D EG and Al x Ga i _,As layer 
back to ionized donors in the Al x Ga i _ x As layer. 
IV. CAPTURE CROSS SECTION 
OF ir-EXCITED ELECTRONS 
In the following we use the experimental data to esti-
mate the capture cross sections of ir-excited electrons. It 
is presumed the ionized donors in the Al, Ga l _ x As layer 
that recapture the carriers are DX centers. Under steady 
infrared illumination, the increase in the density of occu-
pied DX centers (NDx ) corresponds to a decrease in the 
free-carrier density, and can be expressed as 
d (NDx )/dt — Cr (N2D0 — NDx )(NDx0 Npx) 	(8) 
with a = k (v /1)w, where k is the trap-capture cross sec-
tion, v the average z-direction velocity of ir-excited car-
riers, 1 is the Alx Ga i _ x As layer thickness such that //v 
gives the transit time of an ir-excited electron across the 
AlGa i _ x As layer, and w is the probability per second of 
a free carrier being excited by ir illumination of a certain 
intensity. N2D0 is the initial total 2D EG density, such 
that (N 200 —N Dx ) is the total areal free-carrier density. 
Arpxo is the initial total unoccupied areal DX-center densi-
ty at the beginning of an ir quenching interval so that 
(NDx0-NDx ) is the unoccupied areal trap density at a 
given time. A simple single-rate exponential decay would 
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by an infinite or very large number of traps, i.e., if 
N2DO <<NDx • Typically, Npxo is comparable with N2DO, 
and Eq. (8) is not a simple rate equation, which is con-
sistent with the observed nonexponential decay. 
During an infinitesimal time interval St, the term 
(N2DO -Nox ) may be considered as relatively constant in 
comparison with (Npxo-NDx ), because N2DO >>NDxo• 
With this in mind ArDx ( to +St) can be obtained from 
NDx(t0) and the initial values of N2DO and Npxo by the 
following approximation: 
NDx (t o +St )= NDx (t o )exp[ — cr[N2DO — NDx( to )]St ) 
±crNpxo[N2Do — NDx( )]St . 	(9) 
Equation (9) shows that IRQ occurs as a combination 
of exponential and linear terms. Both terms have de-
creasing decay rates as the IRQ progresses because Npx 
increases during decay. The experimental results behave 
as predicted and the details of the IRQ can be obtained 
from Eq. (9). 
Assuming that all DX centers are unoccupied at t =0 
FIG. 7. Theoretical calculation of normalized ir-decay 
:urves (a) shows the weak Npxo dependence [(1) 
Vpxo =  O. 5 X 10" cm -2 and (2) NDx0 =- 5 X 10 11 cm -2 ] but strong 
r dependence. o- N2D0 is fixed at 10 X 10" cm -2. (b) shows both 
and N2D0 are important. Npxo is fixed at 2 X 10" cm -2 and a 
nd N2DO varied [(1) N2D0 = 10" CM -2 , (2 ) N2D0 =8 X 10" cm -2 , 
nd (3 ) N2D0 = 6X 10 11 cm -2 ]. Parameters are chosen to set the 
slues of quenching time close to the experimental range in this 
ork. The values of a in both (a) and (b) are A, o- =5 X 10 15 
 n-2 ; B, cr = 2.5 X 10 -14 CM -2 ; C, = 8.5 X 10 -I4 cm -2 .  
(saturated 	PPC 	state), 	calculated 	values 	of 
[1 — NDx ( t)/Npxo ] for 0 < t < 100 sec using Eq. (9) are 
shown in Fig. 7(a), where N2DO =10 X 10 11 CM -2 , for two 
choices of Nay° and three choices of a. The decay of 
[ — NDX( t)/NDX0] is shown in Fig. 7(b), with 
NDXO-2 X 10 11 cm -2 while a and N2D0 were varied. Nu-
merical calculations using Eq. (9) show the normalized 
decay is sensitive to a and N2D0 but not to changes of the 
estimated value of Npxo. This is expected for 
NDX0 <<N2DO• 
Because of the slow quenching rate in the infinite-time 
limit, it is assumed that all IRQ-related traps are refilled 
in the time limit —10 3 sec, so that Npxo can be deter-
mined by the total change of the free-carrier density. All 
other decay mechanisms are ignored because they have 
nearly reached their base line values before ir illumina-
tion is begun (Figs. 2 and 3). 
In order to fit Eq. (9) to the /SD data discussed later, it 
is necessary to establish the relation between the decay in 
isD and the decay of [I —N Dx ( t)/NDx0 ], and also deter-
mine the N2D0 from experimental results. Table III 
shows results obtained by the methods summarized 
below. 
A. Case i: Vg near threshold (Fig. 4, bottom) 
For Vg  chosen so as to entirely deplete the free carriers 
in the As layer, N2DO --NDX =N2D. From Eqs. 
(2) and (6), /SD is considered proportional to (N 2D ) 5/2 be-
cause the relative change in N, is much smaller than the 
relative change in N2D. N2DO and Nay are determined by 
the initial N2D values from dHS oscillations, the IsD 
data, and the power law relation between /SD and N2D . 
B. Case ii: Vg = 0, parallel conductance dominant 
(Fig. 4, top) 
N2DO and Nal( can be estimated for the opposite ex-
treme at Vg = 0, with parallel conductance in the 
Alx Ga i _ .„ As layer [N 1 >>N2D , cf. Eq. (2)]. The change 
in Alia is nearly the same as that in N 1 . Since ,u 2D has 
been shown to increase when N2D decreases (Table II) 
during ir quenching, the first term in Eq. (2) for / SD will 
be essentially constant, and N 1 becomes more important 
than N2D. The change in /SD during IRQ behaves as a 
linear function of ArDx (since NDA,0<<Nd, the change in 
pi is only weakly dependent on Nix( and can be ignored). 
Before using Eq. (2) to estimate N 1 , Npx, and N2D0 
+NI, at t =0) from /SD data, the values of 1/2D, 
N2D, and pi are also needed. N2D ( =8 X 10" cm -2 ) is 
directly measured from dHS oscillations. The value of 
/12D ( 2.2 X 104 cm 2/V sec) is directly measured on sam-
ple B ( Vg =0) by the geometric-magneto-
transconductance (GMT) method 3 ' I3 and the value of 
is estimated4 to be 0.1 X 104 cm2/V sec. For sample B at 
77 K, Nan at Vg = 0 is about 2.3 X 10" cm -2, corre-
sponding to a bulk density of 2.3X 10 16 cm -3 , which is 
much smaller than Nd, and the change in it, can be ig-
nored during ir quenching. 
SAMPLE B 77 K 
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TABLE III. Effective ir-quenching capture cross sections. The estimated value of N2Do (initial total 
2D EG number density), or effective N2D0 (Ref. 14) and Nan (initial unoccupied DX-center density) of 
sample B at 77 K (with different gate biases). These were obtained as the sample approached the PPC 
baseline following a short 1.4-eV light exposure but (see Figs. 2 or 3) before ir (hv < 0.67 eV) quenching. 
All densities are in units of 10" cm -2 . The fitting values of aN 2D0 and estimated values of a ( -=kv /lw) 
are also presented. The units of aN 2D0 are sec', and the units of a are 10' sec -1 /cm2 . Even with 
the variation from the choice of N2D0 or effective N2D0 an order of magnitude value of a was deter-
mined. 
Vg (V) N2D0 
Effective 
N2D0 NDXO 0 N200 
0 24±4 24 2.4±0.4 0.02 ±0. 005 6-10 
—0.15 15±4 24 2.4±0.4 0.02±0.005 6-20 
—0.30 7.6±2 24 2.3±0.4 0.03±0.005 12-40 
—0.40 6.4± 1 24 2.3±0.4 0.03±0.005 12-47 
—0.50 2.4±0.4 24 1.5±0.4 0.04±0.01 17-170 
C. Case iii: Intermediate situation, V, < Vg < 0 
(Fig. 4, middle) 
Vg does not change N2D when the AlGa i _,,As layer 
is not entirely depleted ( Vg > —0.38 V for sample B). 3 
 For Vg =0, —0.4, and —0.5 V (Table III) Nan has a
weak gate-bias dependence until Vg is near V, and rapid 
band bending in the AIGa i _ x As layer narrows the re-
gion where IRQ occurs. The agreement in estimated 
values for Npxo indicates that the assumed relation be- 
FIG. 8. The theoretical fitting of the ir-quenching data from 
sample B at 77 K by Eq. (4) using N2D0 and Nr,g0 from Table 
III. The results of a (= la /1w) are shown in Table III. In ad-
dition, Eq. (4) is plotted using values of aN 2D0 that are ±50% of 
the best fit values. The 'SD  data for different gate biases is not 
shown in same scale, and the 'SD  zero has been offset for better 
observation.  
tween /SD and the carriers in different layers versus Vg is 
a good approximation. The values of Npxo for 
Vg  = —0.15 and —0.30 V which are mixed situations 
(carriers in the Al x Ga i _,,As layer and also in the 2D EG) 
are obtained by linear interpolation. The initial value of 
N2D0 for Vg = —0.15 V is the same as for Vg =0, but in 
when Vg  = —0.30 V (and Vg  > VP  -= —0.28 V) after IRQ, 
the 'SD  —N3(32 power-law relation was used. These re-
sults for sample B are summaried in Table III. 
Knowing the relation between 'SD  and Npx, the fit of 
Eq. (9) to experimental data of sample B at 77 K versus 
Vg (Fig. 8) gives values of o - N2D0 and a that are summa-
rized in Table III. The excellent agreement with experi-
ment for this very nonexponential decay is strong evi-
dence for the validity of the theory of Eq. (9). The decay 
curves of /SD that are calculated using o - N2D0 with a 
50% deviation from the best-fit values are also presented 
in Fig. 8. Because the decay is very sensitive to the 
choice of UN2DO  (Fig. 7), variations such as those due to 
changes in the power law between /SD and are Nay 
neglected. Although there is a big difference between 
N2D0 and the so-called effective N2D0 as Vg approaches 
V, it is sufficient to obtain the magnitude of o- , which is 
on the order of 10 -14 sec -1 cm2 . 
Applying this analysis to sample D yields similar 
values of a. By fitting Eq. (9) to the ir-quenching curve 
of Nr from sample D (Fig. 2), and for simplicity, consid• 
ering that N., is a linear function of Npx, we obtait 
aNzoo — 0.03 sec -1 with N2D0 ,-z% 1 X 10 12 cm -2 includinl 
N 1 in the parallel conductance layer. The value of a fo 
sample D is also on the order of 10 -14 sec -1 cm2 . 
D. Absolute ir capture cross section 
The ir-light source was a quasiblackbody lamp filter( 
through a germanium filter with an intensity of 10 
photons sec -1 cm - 2 at the sample. The ir-absorpti( 
cross section of free electrons is about 10 -19 cm 2 in tl 
experiment (see Appendix), so only 1 in 107 of the fr 
photoelectrons per second are active in the retrappi 
process. The dependence on Vg of the length 10s 
which the ir-excited electrons move may be neglect , 
 For example, the distance from the 2D EG to the far c 
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of the undepleted Al„Ga i _„As layer is 40 nm for 
Vg  = —0.40 V and 50 nm for Vg ' =0 This difference 
makes a negligible contribution to the enhancement of c r. 
Using v = 108 cm/sec (an electron with 0.1-0.5 eV of en-
ergy), 1=10 -5 cm and ol=k,r (v /1)wl— 10-14 
sec -1 cm2 , the absolute ir capture cross section, lc ;r 
 should be on the order of 10-20 cm2.  This result for k n. is
much smaller than the trap size (about 10 -15 cm -2 ) in 
the Al, Ga i ,As layer, and consistent with the existence 
of a capture barrier. However, k ir is much larger than 
the thermal capture cross section (k T )  detected at the 
same temperature. An estimate of k T can be reached us-
ing ki-;:-.=.1/(Nu T). Reference 14 shows that for x =0.3 
the thermal capture lifetime, T = 1 sec at 77 K with a 
thermal prefactor of 10 -11 sec, and the DX-center cap-
ture barrier to be about 150 meV). Using a carrier num-
ber density N = 10 18 cm -3 (same order as doping density), 
v =108 cm/sec and T=1 sec, we find k T 10-26 cm2 
 which is consistent with other reported results.15 The
capture lifetime at a higher temperature corresponds to 
that of an electron with a larger energy, which is con-
sistent with IRQ because of the much higher effective 
temperature (T K) of the ir-excited electrons. This 
capture cross section enhancement by a factor of 10 6 
 from ir illumination should be considered in reasonable 
agreement with the results of thermal capture experi-
ments. Our ir-quenching time constants at T =2-4 and 
30 K show no significant difference from the values deter-
mined at T=77 K for the same sample and gate biases. 
The temperature independence of the capture cross sec-
tion is further evidence of the high-energy temperature-
independent behavior of the ir-excited electrons. 
V. GATE-BIAS DEPENDENCE OF INFRARED 
QUENCHING 
For certain conditions of gate bias we have observed 
IRQ occurring at energies as low as 0.5 eV and as high as 
to 1.2 eV (samples B and F). We propose variation in op-
tical threshold is due to internal electric fields (E) which 
effect the photo threshold of the deep centers. It is possi-
ble in gated samples to vary E in the Al x Ga t As layer, 
with E being strongest at the GaAs-cap-Al Ga i _„ As in-
terface (see Fig. 4). Using parameters in Table I and 
Poisson's equation, the maximum value of E at the inter-
face between the GaAs cap and Al x Ga i As layer can be 
calculated for a given Vg . Samples with a maximum 
E < 2 X105 V/cm show strong IRQ (Table II). When Vg 
approaches V1 for sample C (which has a low threshold 
voltage, V1 = —2.4 V after PPC), IRQ weakens until 
E —3 X 10 5 V/cm ( Vg = -- 1.6 V) in the Alx Ga i _, As lay-
er, after which ir light increases 'SD significantly (Fig. 9). 
This is observed over the entire temperature range 
2 < T <77 K. dHS measurements confirm this is due to 
an increase of NA) (shown also in Table II). 
Figure 10 shows that for the proper choice of Vg (Fig. 
4, bottom) ir illumination also enhances 'SD . The inter-
vals A -D in Fig. 10 show strikingly different rise times 
to ir illumination depending on net light exposure history 
for this region of Vg near pinchoff. The data show when 
the sample has been cooled down in the dark ( A ), or /SD 
ir 
on 
I 	I 	I 	1 	I 	I 	1 
200 600 1000 1400 
time (sec 
FIG. 9. Gate-bias dependence of ir quenching from sample C 
with x =0.21. When V, approaches threshold, the ir quenching 
weakens until the maximum electric field in the AlGa l _,As 
layer is about 3 X 105 V/cm (Vg = — 1.5 V), after which the ir 
light actually increases the conductivity. 
is near the in-dark value following a long decay interval 
(D), the rise time is slower than at other times (B,C) in 
its light exposure history. A depletion calculation (analo-
gous to the differences shown in Fig. 4 from top to bot-
tom), for cases A and D shows that band bending in the 
doped Al, Ga i _ x As layer is much less steep (and E is 
smaller) than right after white light has been removed. 
This may explain the slow rise times for these cases. On 
Time (sec) 
FIG. 10. The ir enhancement with different illumination and 
decay histories from sample C with V„-- 1.85V. A –D mark 
strikingly different rise times to ir illumination depending on net 
light exposure history for this range of V, near pinchoff. 
DX- center 
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the other hand, the slow rise time is not observed when 
Vg  is further from V, (Fig. 9). An investigation of these 
results will be left for future work. 
In all cases, these ir (or more precisely, the high-energy 
portion of ir induced enhancements of 'SD  decay with a 
lifetime of 10 2 sec (for both T =2 and 77 K) after the ir 
light is turned off. This decay is much faster than the 
typical DX-center-related PPC decay (hours to days) at 
the same temperatures. 
A change in the emission rate of trapped electrons due 
to the Frenkel-Poole effect and phonon-assisted tunneling 
has been shown to be important in the strong electric 
field of a heavily doped junction. 16 One such deep trap 
(the EL2 level in GaAs) with a gate-bias-dependent emis-
sion rate has been shown to have DX-center-type behav-
ior. 17 For these DX-center-like traps (Fig. 11), strong 
electric fields may also change the energy difference be-
tween different configurations. When the microscopic 
orientation of the DX center is favorable, the shift of 
emission energy from Ee1 to Ee 2 in Fig. 11 (by a change 
in the applied electric field) must be accompanied by a 
shift in capture energy from to Ec, 2, as well as the on-
set optical threshold from E op to E0p, 2. This decrease 
in the onset optical threshold can explain the change 
from ir quenching to ir enhancement. The smaller cap-
ture energy barrier (or larger capture cross section) under 
a strong electric field is consistent with the Vg -dependent 
results of k ir (Table III). But the E-field dependence of 
the configuration energy of DX-center traps is not clear 
and more detailed experiments should be undertaken in 
order to understand this in terms of the various models 
raised for DX centers. 
When sample C has all its traps in the Al x Ga i ,As 
layer emptied by cooling down from 300 K at Vg < (at 
300 K), 14 the value of V, at 77 K ( —4.0 V) is the same as 
that at 300 K. In this case ( T = 77 K) there is significant 
IRQ for Vg > —3.0 V, but there is no change in '5D  (nei-
ther enhancement nor quenching) observed from ir il-
lumination after white light (no PPC effect either) when 
Vg  is set close to V, because of an absence of trapped 
electrons. This phenomenon provides additional evi-
dence that under very strong electric fields the emptied 
traps in the Al,Ga i _ x As layer do not capture free elec-
trons. 
FIG. 11. The proposed electric-field effect on the DX centers. 
VI. SUMMARY AND FUTURE WORK 
This work investigates DX-center-related ir quenching 
via carrier number density and conductance measure-
ments on GaAs/A1,Ga 1 _ x As heterostructures at 
2 < T < 77 K. The study was carried out on a variety of 
gated and ungated samples from different sources. We 
confirm that, after brief white-light exposure to induce 
the persistent photocurrent state, infrared (ir, h v < 0.7 
eV) illumination induces quenching of PPC on ungated 
samples or gated samples at small gate biases. The com-
monality of results among these show that the IRQ effect 
is the same over a range of Al fraction, spacer layer 
thickness, doping levels, and threshold voltages (see 
Table I). 
Measurements of dHS oscillations show a decrease of 
the 2D EG number density after ir illumination, accom-
panied by increases in the dHS oscillation amplitude and 
the carrier scattering lifetime when the Al,Ga i _ x As lay-
er is not fully depleted. This suggests that ir light fills 
ionized traps in the AlGa i _,As layer, which are be-
lieved to be the main scattering centers. Together with 
shifts of the transconductance peak during ir quenching, 
the data indicate that the quenching is dominated by cap-
ture of ir-excited free electrons back to deep centers in 
the Alx Gal _x  As layer. The ir-quenching times at 
2 < T <77 K are temperature independent. The ir capture 
cross section is estimated to be on the order of 10 -20 
 cm-2 . This result is reasonable considering the energy of
ir-excited free electrons and the deep-trap-capture barrier 
height and decay prefactor. 
Experiments on a sample with a higher internal electric 
field ( > 3 X 10 5 V/cm) from Vg show a strong increase in 
the conductivity with the same ir illumination. This E-
field dependence of the optical threshold may be due to a 
change in the trap configuration energy under a strong 
electric field. More detailed experiments, for example, on 
the electric-field dependence of the emission barrier from 
the same traps in the Al x Ga i _x As layer, and the ir 
photon-energy dependence of the capture cross section of 
ir quenching, should be undertaken to choose between 
various models for DX centers. 
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APPENDIX 
The infrared light in most of this work came from a 
tungsten lamp passing through a germanium filter with a 
cutoff energy at 0.67 eV. The tungsten lamp was treated 
as a quasiblackbody with 10-20 % efficiency and a max-
imum spectral emittance at 1 rim. About 20% of the to- 
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tal emitted energy occurs in the 2-5-pm range. For an 
estimated input power of 10 W to the lamp there should 
be —0.1 W of infrared (2-5 pm) output. Finally, there 
was an additional factor-of-10 intensity attenuation from 
the Ge filter and glass dewar walls. 
Theory and experiments have shown 18 that free-carrier 
absorption coefficient in a semiconductor is proportional 
to the free-carrier number density, and is inversely pro-
portional to the conductivity mobility. For the near-
infrared light (2-5 p.m) in this work, the free-electron ab- 
sorption coefficient is also proportional to the cube of the 
free-space wavelength when impurity scattering is dom-
inant. From the experimental data on a Te-doped GaAs 
sample, 19 the absorption coefficient is measured to be 
about 1 cm -1 at 80 K for a free-electron number density 
1 X 1018 cm -3. This gives a free-carrier absorption 
cross section on the order of 10 -18 cm2. For the MBE-
grown samples in this work with free-carrier mobilities 
larger by a factor of 10, the free-electron absorption cross 
section is estimated to be on the order of 10 -19 cm2 . 
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Persistent photocurrent decay mechanisms by capture of photoelectrons 
in GaAs-Alx 	As heterostructures 
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(Received 9 February 1987; revised manuscript received 28 May 1987) 
We introduce a method for separating multiple-rate decay mechanisms of persistent photocon-
ductivity (PPC) in GaAs/AL Ga l _ ,As heterostructures. The derivative of the decay of measured 
conductivity or carrier number density with respect to the logarithm of time (1 msec-1000 sec) 
shows a slowly varied base-line structure with some pronounced peaks. The temperature depen-
dence of the varied base line agrees with the temperature dependence of the tunneling barrier. 
The temperature dependence of the base-line structure and the positions of the pronounced peaks 
was analyzed to yield capture energies and corresponding lifetime prefactors. The collected evi-
dence demonstrates that the combination of measured capture energies and lifetime prefactors can 
distinguish the microscopic contributions to PPC decay in the doped AIGa.,_,As layer of sam-
ples from other capture mechanisms. (1) The short-lifetime prefactor (10 -a -10 -10 sec) and associ-
ated capture energies are in good agreement with the results from other work on the DX-center 
capture mechanism. (2) This short-lifetime prefactor in a narrow range of temperature compares 
with prefactors longer by as much as 10 orders of magnitude in adjacent ranges of temperature, 
which can be identified as tunneling related PPC decay of the two-dimensional electron gas into 
shallow or deep donors in the AI,Ga., _„As layer. (3) The mechanism with short-lifetime prefac-
tors cannot lie on the GaAs side of the heterojunction because of the observed strong gate-bias 
dependence and doping-density dependence of the decay magnitude. 
I. INTRODUCTION 
Persistent photoconductivity (PPC) is known for many 
semiconductor materials and configurations.' Light-
enhanced electrical conductivity, carrier concentration, 
and carrier mobility persist for times ranging from hours 
to days after the illumination is removed as long as the 
temperature is below about 100 K, and shorter-term 
memory is observed even at room temperature. It is im-
portant to understand PPC effects in modulation-doped 
materials and high-electron-mobility transistors 
(HEMT's) at temperatures below 100 K at which 
HEMT's display optimal electronic properties. An un-
derstanding of PPC effects also contributes to the con-
trol of the mechanisms behind current collapse (a change 
from high to low conductivity following biasing past a 
certain threshold) and backgating effects (the sensitivity 
of conductivity in one transistor structure to bias in an 
adjacent structure) which may have related origins. 
While in bulk materials or single-layer devices there is 
some agreement that PPC is related to photoionization 
of deep levels which have a recombination barrier, a 
diverse collection of models has been proposed to ex-
plain the interplay between macroscopic (band-bending) 
and microscopic (deep-level) mechanisms in the layered 
HEMT structure. This paper is a contribution to 
separating the dominant mechanisms for PPC-associated 
decay in HEMT structures from among the two distinct 
approaches which have been suggested (summarized 
qualitatively in Fig. 1). 
1. Macroscopic-barrier (band-bending) models. The 
macroscopic-barrier theory 2 involves the spatial separa-
tion of photogenerated electrons and holes by built-in 
electric fields from macroscopic potential barriers due to 
band bending at surfaces, heterostructure interfaces, or 
doping profiles. In the case of the AI x Ga i _x As/GaAs 
FIG. 1. Major models for persistent photocurrent in HEMT 
structures, including macroscopic-barrier (band-bending in-
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heterostructure, this persistence mechanism takes place 
predominantly in the GaAs side, where the built-in field 
configuration provides both a mechanism to sweep out 
photogenerated holes and an electron collection region, 
the two-dimensional electron gas (2D EG) of the HEMT. 
Recombination requires that an electron be thermally 
activated to reach an available hole or hole trap in the 
GaAs substrate or fiat-band region, and requires a time 
T: 
T=T r exp(EB/kT) , 	 (1) 
where Tr is the recombination time without the potential 
barrier, and is determined by other relatively 
temperature-insensitive decay processes in the recom-
bination sequence, and EB is the height of the macro-
scopic barrier. If these effective potential barriers EB 
are sufficiently high in comparison to kT, the recombina-
tion time T can become extremely long, since 
EB /kT = E gap(GaAs) /2kT 
=(1.4 eV )/(0.02 eV )= 70 
at 100 K, for example. If traps are present in the sub-
strate or epitaxially grown GaAs buffer region, a distri-
bution of lower values of EB can be anticipated. 
The electron-hole separation mechanism is not con-
sidered in the Al x Ga i ,As layer and the cap layer. In 
this case, the separated holes will move towards either 
the 2D EG or metal gate (or surface in the ungated case) 
where some electrons states are always present. 
Tunneling 3 also provides a mechanism for electrons to 
move between the Al x Ga i __„As and GaAs layers despite 
the macroscopic barrier presented by the conduction 
band. The lifetime of the tunneling-assisted capture is 
determined by the tunneling probability and the local 
capture cross section after tunneling. The local capture 
cross section of ionized donors is strongly temperature 
dependent for the case of deep traps, but is only weakly 
temperature dependent for the case of shallow traps. 
When kT is much smaller than the height of the tunnel-
ing barrier, the Wentzel-Kramers-Brillouin (WKB) 
method shows the tunneling probability only depends on 
the shape of the tunneling barrier. 
Consider a typical tunneling barrier U = U (z) shown 
in Fig. 2, where the 2D interface is on the [100] direc-
tion and the ionized donors are located in layers parallel 
to the 2D interface. In the case of AI,Ga l _„As, these 
atomic donor layers are of distance d =0.283 nm from 
each other. After tunneling but before capture, an elec-
tron has the same energy as at the 2D interface. For a 
fixed temperature, the capture after tunneling would be 
the same for different tunneling distances assuming the 
local ionized donors have the same capture cross section. 
Under this assumption, the difference in the tunneling 
probabilities of an electron reaching different layers will 
determine the difference of the overall decay lifetime. 
By the WKB approximation, the probability of an elec-
tron reaching the layer z =z 0 (Fig. 2) is (the kinetic ener-
gy of the electron being ignored) 
P =exp 	
z„ 
 f (4r/h)(2m * U) I/2dz , 	 (2) 
FIG. 2. Typical tunneling barrier for a GaAs/AI„Ga l ,As 
heterostructure. 
where m* is the effective mass of an electron in the 
Alx Ga l x As layer. Because the separation d of atomic 
planes in the donor layer is much smaller than the typi-
cal depletion width (30 nm), and assuming that the 
overall barrier is nearly the same for an electron reach-
ing the layer at z =z o +d as for z =z 0 , then the ratio of 
the lifetime of an electron captured by the ionized 
donors in adjacent atomic layers is 
R =exp[(4/r/h)(2m*U 0 ) 1/2d] , 	 (3) 
where U 0 is the potential barrier height at these adjacent 
layers. Setting m*=0.092m 0 for an Al fraction x =0.3, 
we have 
R =exp(0.879UV2 ) , 	 (4) 
where U0 is in eV. For example, when U 0 is 0.15 eV, R 
is 1.4. 
When the shape of the tunneling barrier is known (by 
the depletion approximation), the lifetime for tunneling-
assisted capture into each donor layer can therefore be 
expressed in terms of the lifetime of a 2D EG electron 
captured by an ionized donor in the first layer from the 
2D EG. 
Due to the small tunneling probability through the 
undoped spacer layer between the GaAs and doped 
AI,Ga l ,As (typically 10 4 for a barrier with a 0.3 eV 
height and 5 nm width) the lifetime of tunneling-assisted 
capture (even to reach the first layer of ionized donors) is 
much longer than the decay lifetime by direct capture 
assuming the same local capture cross section for the 
ionized donors. The direct-capture lifetime by a shallow 
donor is of the order of 1 msec at T =100 K, but the 
lifetime for direct capture by a deep donor is of the or-
der of 1000 sec or more at the same temperature. 
Therefore, for temperatures below 100 K, the observable 
tunneling-assisted capture through the undoped 
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Alx Ga l __,As layer within the time window of 1-1000 
sec is likely to be shallow-donor related. 
2. Microscopic-barrier (deep-level) models. Micro-
scopic-barrier models 4' 5 are based on postulated atomic-
scale barriers that suppress recombination. The carriers 
in this case are photoexcited from the impurity center, a 
deep-donor complex (predominantly identified as the DX 
center in the Si-doped Al„Ga i _ x As case) with photon 
energies smaller than the band gap of the material. 
These deep donors are thought to be impurity-atom-
plus-defect complexes with large lattice relaxations, 
yielding large Stokes shifts: e.g., E optical =0.8 eV while 
=0.15 eV for Alx Ga l _ x As with x =0.35. A Ethermai 
configuration-coordinate model describes this situation. 
The empty deep level lies above the conduction-band 
minimum while the occupied deep level lies relatively 
deep within the gap with a large lattice relaxation re-
quired to shift between states. Recent work 6-1° has 
shown that such DX centers are tied to the L minimum 
of the Alx Ga i ,As conduction band. Under this pic-
ture, the apparent thermal capture energy must include 
the energy difference between the r and L minima. 
A formula of the form (1) can also be used to estimate 
the microscopic barrier overcome during the retrapping 
of electrons by DX centers. The activation energy in 
formula (1) in this case is the capture energy Ec , and the 
prefactor 70 is mainly determined by the capture cross 
section in the high-temperature limit and was shown to 
be on the order of 10 -1° sec for 0.27<x <0.35 from a 
capture experiment." Recapture dynamics due to deep-
level microscopic barriers differ by orders of magnitude 
from those associated with macroscopic barriers and 
tunneling, which could also follow a decay curve of the 
form (1) but with a much longer lifetime prefactor. For 
example, in the case of shallow-donor capture after tun-
neling, the lifetime prefactor has been shown 3 to be of 
the order of 10 sec. 
PPC decay kinetics need not be simply exponential. 
Unfortunately, a variety of mechanisms yield nonex-
ponential decay, so that its observation does not identify 
a mechanism unambiguously. 
(1) Deep-level transient spectroscopy (DLTS) measure-
ments 12 show that both shallow centers and deep centers 
(DX) exist in Alx Ga 	As layers, with a strong cross- 
over from predominantly shallow donors to predom-
inantly DX donors at about x =0.2. The DX center is 
found to have a distribution of energies," so that ac-
tivated capture will not necessarily yield simple exponen-
tial decay of PPC. 
(2) For the Alx Ga l ,As/GaAs heterostructure, Schu-
bert et a/. 3 showed that PPC decays as a straight line 
when plotted against the logarithm of time and related 
this to their tunneling model. They found that the decay 
curve of a heterostructure at 4 K fits the tunneling mod-
el very well. 
(3) Queisser and Theodorou 14 also predict a decay that 
is logarithmic in time due to the spatial distribution of 
distances between photoelectrons and recombination 
traps in the GaAs substrate layer. 
In view of the variety of mechanisms available, extra 
information is needed to distinguish among decay mech- 
anisms that contribute to the decay curve. In the work 
below, we demonstrate how our observed temperature 
dependence of decay time can be analyzed using a ln(t)-
derivative technique to yield a trap spectroscopy whose 
characteristic energies and times differ so significantly 
that direct capture (prefactors of 10 -10 sec) and tunnel-
ing mechanisms (with prefactors of 1 sec) are unambigu-
ously identifiable. 
II. LOGARITHMIC DERIVATIVE 
OF MULTIPLE DECAY 
The observation of multiple-rate decay behavior led to 
the use of a more sophisticated signal-processing 
method 15 in order to separate the temperature depen-
dence of the decay due to each different mechanism. 
Assume a general form of multiple-rate decay of the 
free-electron number density N (t) at a fixed temperature 
T: 
N(t)=INioexp(-t /ti) 	 (5) 
where Nio is the initial number density of decay channel 
i, and with a corresponding individual lifetime t i . 
The key results can be obtained with a more general 
multiple-rate form with an individual lifetime (ti ): 
N(t)= IF(-t/t,) . 	 (6) 
Define a quantity K (t), or so-called ln(t) derivative of 
N, by 
KW= -dN /d[ln(t)]=- -tdN /dt 
=I(t/ti )(dF(-t/t i )/d(-t/t i )] . 	(7) 
For the moment consider the decay process over a 
narrow-enough temperature range T to T' so only one 
decay mechanism dominates, and all ti can be expressed 
as (1) with same capture energy. This allows one to 
write down the following relation between t,' and t i : 
/kr)-(E lkT)] , 	 (8) 
where E is the capture energy, and t: is the new lifetime 
at T'. 
At temperature T', replacing the lifetimes t, in (7) by 
the new lifetimes t:, we have a new In( t) derivative of 
N(t): 
K'W=I(t/t1)[dF(-t/t1)/d(-t/t1)] . 	(9) 
The time axis can be changed from t to a new time axis 
t' (i.e., make a change of time units) by 
t =t'exp[(E/kT')-(E/kT)] . 	 (10) 
Notice that the individual lifetime t: is not altered by the 
change of the time axis. It is obvious from the above 
that t/t,'=t7t,. Replacing t/t1 in (9) by t' /t;  we find 
that in the new time axis at temperature T' 
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The right-hand side of (11) is the same form as (7) except 
that t is replaced by t'. A plot of (7) with ln( t) will be 
identical with a plot of (11) with In(/' ). Because 
ln(t)=-ln(r)+UE /kT')—(E /kT)b the plot of (9) with 
ln(t) must be simply displaced by [(E /kT')—(E /kT)] 
from the plot of (7) with the same ln(t). Therefore, the 
capture energy E and the decay-time prefactor can be 
determined from the displacement measured by experi-
ment. 
For the simplest case of (5) with only a single decay 
lifetime t 0 , such as direct capture by ionized donors in 
the doped supply layer, 
K (t)--=-(t /to )N ooexp( - t /t o ) . 	 (12) 
The function is strongly peaked at precisely t o , as shown 
in Fig. 3(a), with a peak value of Noo k. We can mea-
sure the decay magnitude N oo from the peak value of 
K (t). The half-width of the single decay peak in the 
K (t)-1 n(t) plot is about one decade in time. 
For the case of multiple-rate decay with the general 
form of (5), each decay channel is associated with a simi- 
FIG. 3. Multiple-rate trap spectroscopy. (a) Any single ex-
ponential decay vs In(r); the derivative (dashed line) displays a 
peak at the characteristic decay time. (b) A calculated result of 
K(t) vs ln(t) of tunneling-assisted decay with different refilled 
ionized-donor densities N10 and total number M of depleted 
donor-atom layers. The dotted curve at the bottom shows how 
a single isolated trap would superimpose.  
lar peak in K (t) as its characteristic decay time. This 
forms the basis for a multiple-rate decay spectroscopy. 
From the definition of K(t), we have 
K(t)= 1(t /t, )Nioexp( — t /t, ) , 	 (13) 
with peaks at t =1,4% where t, can be slightly different 
from t i . But when the assumption t,* =t,exp[(E / 
kT')—(E lkT)] holds for a suitable temperature interval 
(N10 is nearly constant in this temperature interval), 
from the general proof above, we can see that the peaks 
at ti* with a ln(t) plot shift from temperature T to a new 
temperature T' by [(E /kT')—(E /kT)] in In(t). 
A linearlike plot of N(t) versus ln( t) is obtained from 
expression (13) for a multiple-rate decay (5) with a cer-
tain form of the distribution of N10 . As an example we 
consider the case of tunneling-assisted capture with a 
step-function tunneling barrier. From formula (2), the 
lifetime r of an electron reaching a donor-atom layer is 
proportional to the exponential of the distance (z 0 ) from 
the 2D interface to this atomic donor layer. If N 10 has a 
continuous uniform distribution in the z direction in the 
doped layer, we have dN =N0 d [ln(r)] for fixed N o . 
For an arbitrary time t within a given time window, 
when the longest lifetime (capture by the last donor-
atom layer) and the shortest lifetime (capture by the first 
donor-atom layer) is far outside of the range of the time 
window, we have 
K (t)= f (t/r)(No ir)exp( —t/z)dr----N o . 	(14) 
K (t) becomes a constant, and the plot of N(t) with ln(t) 
will be a straight line. This conclusion also holds even 
for the more general form shown in (11). 
For a well-separated multiple-rate decay process, K (t) 
as determined from experimental decay data will show a 
sequence of peaks, with each peak corresponding to an 
individual decay channel in the multiple-rate process. 
Due to the broad half-width of a single decay channel in 
a K (0-IWO plot, these peaks can be distinguished exper-
imentally only when the separation is large enough. 
This condition is not generally satisfied for tunneling-
assisted capture, because the difference in capture time 
between adjacent donor-atom layers is too small. 
To investigate the behavior of tunneling-assisted decay 
with the realistic tunneling barrier, let us consider the 
simplest tunneling case shown in Fig. 2. Under the de-
pletion approximation, the potential barrier height of the 
ith donor-atom layer can be expressed as 
U0 (1 	/M) 2 , 	 (15) 
where M is the total number of the depleted donor atom 
layers and U0 is the barrier height at the first layer. Us-
ing formula (3), all values of Ti can be expressed in terms 
of T 1 , the lifetime of an electron captured by the first 
donor-atom layer, by the following iterative relation: 
T, 	exp( O. 879 U, I /2 ) . 	 (16) 
Assuming a certain form of the distribution (N10 ) of ion-
ized donors refilled by the tunneling electrons, the value 
of K (I) can be calculated by formula (9). 
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A numerical simulation is shown in Fig. 3(b) using an 
arbitrary time unit that is determined by the lifetime of 
the tunneling-assisted capture into the first donor layer, 
and can be deduced from experimental data. In the 
solid curve, we assume 100 layers of donors with the 
same single-layer ionized-donor number density 
N, 0 =0.07 (arbitrary units). The value of U 0 is chosen to 
be 0.3 eV, and the depletion width is the thickness of 
100 donor-atom layers. The lifetime for the first layer is 
set to be 10 (arbitrary units). From the solid curve, we 
can see that K (t) slowly increases over 10 orders of 
magnitude in time after initial capture by the first 
several layers begins until capture by the last few layers. 
Actually, the tunneling-assisted capture is a superposi-
tion of the capture contribution by each layer. The total 
result is the envelope of the superposition. The increas-
ing slope up to the cutoff time has a physical explana-
tion. When each layer makes the same contribution, the 
higher barrier at the first few layers in the depletion re-
gion nearest the 2D EG will have a bigger difference in 
the lifetime from adjacent layers. In this case, the peaks 
will be separated more from each other in a ln(t) plot, 
and have smaller overlap, giving smaller net K (1) value. 
At larger time (further distance from the 2D interface) 
where the barrier becomes smaller, the small separation 
between peaks will show increased superposition, giving 
a higher K (t) value. In this calculation, we ignore the 
possible nonuniform distribution of the single-layer 
ionized-donor number density. Otherwise, the real 
K (1)-1n(t) plot of tunneling-assisted decay may show ad-
ditional fluctuations. But, with or without these fluctua-
tions, the overall horizontal shift of the plot at the same 
values of K (1) from different temperatures can be used 
to determine the activation energy and lifetime prefactor 
of capture by the local ionized donor. However, in fact, 
we will see that the temperature dependence of the ion-
ization of donors at higher temperatures (typically above 
100 K), and consequently different depletion lengths, will 
cause an extra shift of the tunneling-assisted decay 
curve. This is especially important when we interpret 
results for tunneling into the last few layers. In this 
case, although the tunneling may only be associated with 
shallow ionized donors, the decreasing tail of the 
K(t)-1n(t) plot [Fig. 3(b)] can have an extra shift towards 
a shorter time because of the decrease of the total num-
ber of tunneling layers. The dashed curves in Fig. 3(b) 
are the plots for the cases with larger N, 0 =0.14 and 0.28 
(same arbitrary units) and consequently shorter depletion 
length with a total of 71 and 50 layers of depleted 
donors, respectively. This is calculated by assuming that 
N, 0 is proportional to the ionized-donor number density 
and the depletion width is determined by the depletion 
approximation. The lifetime for the tunneling-assisted 
capture into the first donor layer is set to be the same for 
the case of a shallow ionized donor. The plot shows 
clearly that the value of KO) for the capture into the 
first few donor layers is proportional to N, 0, and the time 
where the decreasing tail of the curve begins is strongly 
dependent on the depletion width. This strong shift is 
not from the change of the capture lifetime by the local 
ionized donors. The calculation shows that the ampli- 
tude of the central portion of the curve is about 3-10 
times as large as the refilled ionized-donor number densi-
ty of a single donor-atom layer. Considering that the 
fraction of refilled ionized donors out of the total ionized 
donors is of the order of a few percent, the amplitude of 
K (t) for tunneling-assisted capture is of the order of the 
ionized-donor number density of a single donor-atom 
layer. 
When the lifetime for direct capture into one type of 
ionized donor and the lifetime of tunneling-assisted, cap-
ture into possibly another kind of donor is comparable 
within the same time window, the results of the mixture 
will depend on the amplitude of each kind of decay. If 
there are no, or very few, free carriers in the doped layer 
after illumination, we may not be able to distinguish any 
single decay peak in the plot of K (t)-1n(t), and 
tunneling-assisted capture will be the dominant decay 
mechanism. When their amplitudes are comparable, the 
slowly increasing base line will be augmented by a single 
peak [Fig. 3(b), dotted line]. At different temperatures, 
the shifts of the base line and the peak will be different if 
they correspond to different types of ionized donors. 
When the free-carrier density in the doped layer is much 
larger than the single-layer ionized-donor density, 
direct-capture decay can dominate, and the slowly in-
creasing base line becomes less significant. 
III. EXPERIMENTS AND DISCUSSION 
Most of the molecular-beam-epitaxy (MBE) hetero-
structure samples in this work were composed of the fol-
lowing layer sequence: Si-doped GaAs cap layer, Si-
doped AlGa l _„As layer, thin undoped AlGa i ,As 
spacer layer, thick undoped GaAs buffer layer, and 
semi-insulating GaAs substrate. A two-dimensional 
free-electron gas is formed at the interface between the 
undoped AlGa l _ .„As and GaAs buffer layers, separated 
by the spacer layer from the nearest donors in 
Al Ga i _ .„ As layer. 
Samples from four different sources were used. Sum-
marized in Table I are their principal parameters: 
aluminum fraction x, cap-layer thickness L c , doping 
density Nd, of the cap layer, Al x Ga l _„As-layer thick- 
, ness L a , AlGa i _„As-layer doping density un-
doped spacer thickness L„ gate voltage threshold ( V, ) at 
77 K in the dark, the net ionized-donor density N, in the 
depleted Al„Ga l _,,As layer at 77 K in the dark, and the 
percentage increase of N, after identical brief white-light 
illumination, sufficient to saturate the PPC-induced 
change. Samples A —C were gated samples. They are 
classic high-electron-mobility transistors. Samples A 
and B are on the same chip, and had x =0.3. Sample C 
had x =0.21. All metal gates are directly on top of the 
cap layer, which are not very heavily doped to ensure 
good gate characteristics. The samples with thick and 
heavily doped Al x Ga l _„As layers have free carriers in 
the Al„Ga __„As layer when the gate bias is set higher 
than that required to deplete the doped supply layer (like 
that shown in Fig. 1). In this case, direct capture by an 
ionized donor will occur in the AlGa i _„As layer, and 
tunneling takes place through the undoped layer. Sam- 
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TABLE I. Sample label, source, aluminum ratio x, cap-layer thickness L„ doping density Nd, of the cap layer, Al„Ga l „ As-
layer thickness L a , Al„ Ga l _„ As-layer doping density Nd,„, undoped spacer thickness L,, gate voltage threshold V, at 77 K in the 
dark, the net ionized-donor density N, in the depleted AI„Ga l As layer at 77 K in the dark, and the percentage increase of N, 
after identical brief white-light illumination sufficient to saturate the PPC change. Layer thicknesses are in units of nm and doping 
and carrier densities are in units of 10' 7 cm -3 . 







A, B Tek.a 0.3 50 2 100 10 5 
C TCSFb 0.21 20 6 120 6 8 
D, DD Cornell' 0.3 20 10 30 10 10 
G Tek.a 0.3 50 2 100 10 5 
L Gaind 0.3 30 20 50 15 4 
aTek.: Tektronix Inc., Read Gleason and Richard Koyama. 
bTCSF: Thomson-CSF (Paris), Paul Jay. 
`Cornell: Cornell University, W. Schaff. 
'Gain: Gain Electronics Corporation, T. Hurl. 
v, 
(V) 	N, 	AN, /N i 
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ple D, an ungated van der Pauw (VDP) square, had 
x =0.3 in the Si-doped AlGa i ..„ As layer but x =1.0 in 
the undoped spacer layer, which makes for an extra-high 
tunneling barrier (1.0 eV). There is a 10 nm undoped 
AlGa i _x As layer (x =0.3) between the cap layer and 
doped AlGa i _ x As layer. Sample DD has similar layer 
parameters and sample L (an ungated VDP) was chosen 
as a heavily doped sample in order that there be an extra 
large number of free carriers in the doped layer. 
Gaps of 2-5 pm separate the gate from source or 
drain in our HEMT samples, and are sufficiently wide 
enough to prevent the gate voltage from influencing ma-
terial under source and drain contact regions for small 
source-drain signals. 16 The source-drain voltage ( Vs0 ) is 
kept below 1 meV to avoid hot-electron effects, and is 
much smaller than the smallest activation energy ( > 5 
meV) involved. 
All gated samples had a short enough gate length 
(1-2 pm) so that the diffused illumination could reach 
beneath the gate. This is proven by observed shifts in 
transconductance curves. In the charge-control pic-
ture,' 7 the transconductance is low in the region where 
the gate controls only low-mobility carriers in the 
AlGa l _„As layer, and is much higher in the region 
where the gate controls the 2D EG number density. 
The transconductance peak occurs after the 
Al„Ga l _ x As carrier density is depleted and the 2D EG 
is being modulated, and the pinchoff point occurs when 
the total carrier density at the 2D interface has been 
depleted. Shifts of the transconductance peak and the 
pinchoff threshold during the light illumination therefore 
give additional information about the changes of carrier 
densities in the different layers. Data from all gated 
samples at 77 K show large shifts ( >0.3 V) in the tran-
sconductance curves from their dark values following 
white light illumination, which relax back during the de-
cay process towards their original form on very long 
time scales (t >10 5 sec). These measurements (which 
uniformly show a shift towards increased pinchoff- 
voltage magnitude) permit us to conclude unambiguous- 
. ly that light reached under the gate to increase the free- 
carrier density in the AlGa l _ „As layer as well as the 
2D EG. 
For gated HEMT samples, the source-drain current 
./SD was measured with VSD  fixed. For ungated van der 
Pauw samples, the carrier densities N s were measured 
via the Hall effect. Both methods involve the number 
densities in the 2D and Al„Ga i _ x As layers (N 20  and 
N 1 ) in a similar way. 18 When the mobility of 2D elec-
trons (p 2p) is much larger than the mobility of electrons 
in an Al„ Ga l „As layer (p i ) such that p i N i  <<"-11 2DN2D 
(we ignore the difference between Hall mobility and con-
ductance mobility because only the ratio /1 1 2D is im-
portant in our case), 
= N2D + 2N ill 	(Hall measurement) , 	(17) 
'so = — eGVsDP2D(Nzo +Nati /µI& 
(conductivity measurement) , 	(18) 
where G is a geometrical factor for short-gate samples. 
In our cases, p i f.--.10 3cm 2/V sec while tizrY=--"' 105 
 cm2/V sec and N 1 never exceeds N2D significantly, such
that the condition for Eq. (17), at t iN ee - -r-2DN 2D, holds. 
In both measurements of N ., and /SD, the N2D term con-
tributes more than the N, term. 
Since PPC and its associated decay produces a change 
in conductivity, not a net charging, a change in the num-
ber of free carriers is accompanied by a change in fixed 
charge. In the simplest decay case, when V, is near V, 
(and the Al„Ga l ,As layer is totally depleted), N2D is 
small compared to the ionized donor density in the 
Al„Ga i „As layer so that tunneling-assisted decay in 
N2D does not strongly change N,. This means p.. 2p de-
creases from reduced screening with the net result being 
the decay of / sp. When Vx is chosen so that the 
AI,Ga l _ „As layer is not totally depleted, the observed 
decay in /sD occurs partially from a decrease of low-
mobility carriers via direct recapture to deep levels. 
Simultaneously N2 D self consistently decreases in order 
to satisfy the depletion approximation, as well as decay-
ing by tunneling-assisted recombination. The decay in 
./ SD results from this combined decrease of N, and N2D 
(although there may be weak increases in their mobili-
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'SD of N5 is mostly dependent on the capture energy and 
lifetime prefactors of the decay mechanisms and not 
strongly determined by details of the dependence of the 
mobilities on the charge state of the sample. 
Given the persistence range of seconds to hours at the 
temperatures of interest here, most data were recorded 
between 0 and 1000 sec so that a decay-rate "window" 
of 1-500 sec is measured in our experiments. This in-
cludes what is sometimes referred to as the "transient" 
photocurrent regime, but we do not adopt this terminol-
ogy since the selection of time window merely sets the 
temperature range for a given photoconductance process 
to manifest itself, as in deep-level transient spectroscopy. 
The decay is nonexponential, as illustrated in Figs. 
4(a) and 4(b) from a VDP dc measurement on sample 
Time (sec)  
DD at 77 K. The time window is 10 -3 -105 sec. Typi-
cally the source-drain current or VDP sheet density de-
cays after brief white-light illumination and shows a fast 
initial decay, followed by a decay rate that decreases 
continuously as the decay approaches a base line above 
the dark value (the long-term PPC). The decay nearly 
behaves as a straight line when plotted as a function of 
log io(t) over nearly 7 orders of magnitude in time. For 
convenience, the K (t) value calculated in this experi-
ment is with respect to log jo(t). In this way, a single-
rate decay with an amplitude of N m will correspond to 
an experimental result of K (t) with a peak value of 0.85 
X Noo . The logarithmic time derivative of N5 is also 
plotted as a dashed curve in Fig. 4(b). The curve of K (t) 
shows a single decay peak seen at t =10 msec, while 
(b) 
Time (sec) 
FIG. 4. (a) Nonexponential PPC decay from sample DD at 77 K over the 10 -3 -105-sec rate window. It is plotted as a function 
of linear time. (b) The same decay plotted with logarithmic time. The value of K (t) is also plotted as a dashed curve. (c) and (d) 
are examples of the experimental K (t) data from an ungated van der Pauw square (sample D). 
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most of the curve is a slowly increasing base line over 
nearly 6 orders of magnitude in time. This behavior is 
consistent with the theoretical prediction of Fig. 3(b). 
In repeated measurements following illumination 
sufficient to saturate isp or N5 , the K it)-log 10(t) plot of 
the decay curve shows no significant shift of these 
features at the same temperature. Raising the tempera-
ture speeds up each decay, but as long as the tempera-
ture change is small enough, individual peaks or the 
structure of curves can be tracked. The shifts of the de-
cay structures with changing T gives the characteristic 
activation energies of the individual decay features. Fig-
ure 4(c) shows the shifts of decay groups with tempera-
ture from the measurements of N, on sample D (ungat-
ed). The broad individual decay peaks can easily be 
tracked on top of a slowly increasing base line in the 
130-145-K temperature range. Notice that the peak 
values of K(t) are nearly the same when they shift from 
different temperatures. The peak value of K(t) is 
l X10 1° cm -2, which corresponds [from formula (12) 
plus a factor of 1n10=-.2.30] to 6 x10 1° cm 2 of directly 
captured electrons. From the temperature dependence 
of the peak shifts, we can deduce capture energies and 
lifetime prefactors. The capture energy of these peaks is 
measured to be 370 meV with a lifetime prefactor of 
10 -1° sec. By contrast, in Fig. 4(d) in the temperature 
range of 82-110 K, there is no obvious track of peak 
shifts, but a slowly increasing base-line structure be-
comes clear, whose overall horizontal shift at the same 
values of K (t) can be tracked at different temperatures. 
The same value of K (t) is marked on the decay curves 
taken at different temperatures. A similar method was 
used over the range of 145-180 K. 
The track of the single decay peaks or the track of the 
slowly increasing base-line structure [see discussion fol-
lowing formula (1 1)] from sample D is shown in Fig. 5(a) 
and summarized in Table II. Figure 5(a) displays several 
distinct decay mechanisms at different temperature re-
gimes, marked as (ii)-(iv). Over the temperature ranges 
of 80-125 K (iv), sample D shows a retrapping energy of 
20-40 meV, with a prefactor value equal to about 1-100 
sec indicating that tunneling into shallow donors is in-
volved. Actually, the tunneling-assisted capture must 
have the same capture energy as that corresponding to 
direct capture by the same kind of ionized donor. How-
ever, the lifetime prefactor is much longer due to the 
small tunneling probability. The dominant activation 
energy increases to about 140 meV with a 10 -4-sec life-
time prefactor at higher temperatures T = 145 - 180 K 
(ii) as deeper traps are involved after tunneling and as 
the macroscopic barrier width decreases due to a 
thermally induced increase of free carriers in the 
Alx Ga l x As layer at higher temperatures. 20 • 21 This is 
consistent with the measurements (in the dark, or with 
illumination) on sample D and sample DD [to be dis-
cussed later in Fig. 7(b)] which show that the sheet num-
ber density is increasing rapidly when T is greater than 
120 K but is nearly constant when 7' is below 110 K. In 
addition to tunneling -related retrapping back to deep 
and shallow donor centers, thermally activated behavior 
was detected over a narrow intermediate temperature 
range, as seen in the steep portions [marked (iii)] of Fig. 
5(a). Sample D displays a retrapping energy of 370 meV 
with a 10 - 10-sec prefactor over a narrow temperature 
range at 130-145 K [region (iii)], in sharp contrast with 
the factor-of-3 lower capture energy and 6-orders-of-
magnitude longer prefactor at adjacent temperatures (ii) 
and (iv). Although sample D has an extra-high barrier 
in the spacer layer, the intermediate values of activation 
energy yet long (1-100 sec) lifetime prefactor of regions 
(iv) can be explained by tunneling of persistent photo-
electrons between the GaAs cap layer and the adjacent 
Alx Ga i _ x As layer (x =0.30), since the conduction band 
FIG. 5. Temperature dependence of peaks associated with 
groups of traps from multiple-rate trap spectroscopy. (a) Sam-
ple D; (b) sample B (VK =0); (c) sketch of the dominant 
features of the above results. Data extracted from different 
samples in different temperature regions labeled in this figure 
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FIG. 6. Temperature-sweep method of observing elevated 
PPC decay at special temperatures (arrow) in (a) gated transis-
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TABLE II. Data extracted from Fig. 5, including the labels of different sample and different tem-
perature regions, the temperature range of the labeled region, the capture energy E„ deviation of cap-










B (x (i) 120-160 150 20 10-4 
B (ii) 80-120 30 20 5 
B (iii) 65-75 150 20 10 -8 
B (iv) 45-60 20 10 5 
D (x =0.3) (ii) 145-180 140 20 10 -4 
D (iii) 130-145 370 40 10 -1° 
D (iv) 80-125 30 10 1-100 
of the doped GaAs cap layer in this sample is closer to 
EF than in the sketch of Fig. 1, and can hold photoexcit-
ed free carriers. Since DX centers in very heavily doped 
GaAs have been detected, 22 . 23 direct capture by a DX 
center can occur in a heavily doped cap layer. The re-
sults from ungated VDP sample L with a much wider 
and heavier doped GaAs cap layer and doped 
Alx Ga i _,As layer show that along with a slowly in-
creasing base line with K (0=2 x101° cm -2, a large sin-
gle decay peak due to direct recapture with K (t) of the 
order of 4X 10" cm -2, which is 40 times larger than the 
case of sample D, was observed and the reduced capture 
energy from the peak shifts is 350 meV in the tempera-
ture range 140-170 K. 
An example from the conductivity measurements on 
sample B (Vg =0) shown in Fig. 5(b) also displays 
several distinct decay mechanisms in different tempera-
ture regimes, marked as (i)-(iv) and summarized in 
Table II. Over the temperature ranges of 45-65 K (iv) 
and 80-120 K (ii), sample B shows a retrapping energy 
of 15-50 meV, with a prefactor value equal to about 
sec indicating that tunneling into shallow donors is in-
volved. The dominant activation energy increases to 
about 150 meV at higher temperatures (i) as deeper traps 
are involved following tunneling and as the macroscopic 
barrier width decreases due to a thermally induced in-
crease of free carries in the Al, Ga 1 _,As layer at higher 
temperatures. In addition to tunneling-related retrap-
ping back to deep and shallow donor centers, thermally 
activated behavior was detected over a narrow inter-
mediate temperature range, as seen in the steep portions 
[marked (iii)] of Fig. 5(b). Sample B displays a retrap-
ping energy of 150 meV with a 10 -8-sec prefactor over a 
narrow temperature range at 65-75 K [region (iii)] in 
sharp contrast with the factor-of-8 lower capture energy 
and 8-orders-of-magnitude longer prefactor at adjacent 
temperatures (ii) and (iv). An ungated sample G from 
the same wafer shows a 170 meV capture energy at 
T =80 K, a slightly higher temperature than observed 
for gated samples. Sample C ( Vg = —0.8 V) with 
x =0.21 also clearly displays this sharp kink signature 
of the high-activation-energy (200 meV) thermally ac-
tivated process over a narrow temperature range of 
65-75 K. The capture energy is 220 meV from sample 
C with Vg =0 over the same narrow temperature range. 
But for the same sample with Vg close to pinchoff 
( Vg = —1.5V), direct capture by an ionized donor was 
not observed. 
All the dominant features from our samples can be 
summarized in Fig. 5(c). A high-activation-energy (150 
or 370 meV) short-prefactor (10 -8 -10 -1° sec) process 
crosses through the experimental rate window over a 
narrow temperature range, intersecting a low-
activation-energy, long-prefactor process which is visible 
in the data of Figs. 5(a) and 5(b) as lines of the small 
slope on either side of the steep-slope portion. 
The key conclusion that qualitatively different decay 
channels may be separated using the ln(t)-derivative 
technique can be verified in an alternative decay experi-
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at a constant rate of about 1 K/sec performed on sample 
A after illumination is shown in Fig. 6(a). Is  shows a 
faster decay in the temperature interval near 70 K, in 
agreement with the kink portion observed in the data in 
Fig. 5(b) at a comparable temperature. The temperature 
at which the extra dip occurs of course shifts with sweep 
rate as in DLTS [shifting rate window in Fig. 5(c)] and is 
measured to be weakly gate-voltage dependent. A simi-
lar result is obtained for sample D in a temperature-
sweep measurement of N, [Fig. 6(b)] when the sample is 
warmed from 77 K at 0.1 K/sec after a brief white-light 
illumination. A sudden dip in number density is ob-
served (see arrow) when T passes through 150 K, which 
agrees with the steep-slope portion of Fig. 5(a). 
In this work, we have obtained three different ap-
parent DX-center capture energies with different Al frac-
tions: 370 meV for x =0, 220 meV for x =0.21, and 
170 meV for x =0.30. When the energy differences be-
tween the L and F minima at different Al fractions are 
included,6 the net capture barrier height in the local 
DX-center configuration coordinate model is 90±30 meV 
for all samples we measured. This is in reasonable 
agreement with DLTS results for the emission barrier 
height (200-400 meV) and the fixed energy value (150 
meV independent of x) by which the DX center is locat-
ed below the L minimum of the conduction band. 7 ' 13 
An example of a more complete picture of the 
tunneling-assisted multiple-rate decay is from dc VDP 
measurements [data shown in Fig. 7(a)] on sample DD 
(from the same wafer as sample D). The time window is 
set from 1 msec to 500 sec. To detect the decay in these 
short times, a light emitting diode (LED) is used for il-
lumination and the instruments are set to have a 0-10 
kHZ response. In the temperature range of 86-178 K, 
every curve shows a single decay peak (with a few msec 
lifetime) and is followed by a slowly increasing base line. 
The temperature dependence of the single short decay 
lifetime displays the behavior of shallow donors as 
above. The decay curve that follows can be fit to the nu-
merical tunneling calculation of Fig. 3(b). Sample DD 
has an extra-high barrier between the AI,Ga l x As and 
GaAs layers due to the aluminum ratio x =1 in the 10- 
nm spacer layer, which prevents tunneling through this 
barrier to be observed in our decay-rate window. Only 
the tunneling-assisted decay between the cap layer and 
the doped AIGaAs layer is detected. For simplicity, the 
measured change of the sheet number density is propor-
tional to the change of the free carriers in the parallel 
conductance layer. From formula (17), the apparent 
value K (t) from the measured sheet number density will 
be smaller than the real value due to capture in the 
parallel conductance layer. Nevertheless, the basic 
feature of tunneling-assisted decay can be clearly seen in 
the experimental results with the slowly increasing value 
of K(t) and the decreasing tails when the depletion 
width becomes shorter at higher temperatures. 
The dashed curves in Fig. 7(a) are the calculated re-
sults using the following parameters. The potential bar-
rier height U0 at the first ionized-donor layer is calculat-
ed from the conduction-band discontinuity (0.23 eV for 
x =0.3) at the 2D interface and the potential drop 
through the 10-nm undoped Al x Ga l „As layer (Fig. 2). 
The potential drop from the 2D interface is readily cal-
culated using the depletion approximation 24 resulting in 
N i e /2c= AE,(M 2d 2 +2LMd) - I 	 (19) 
U0 =N1 e /26M 2d 2 , 	 (20) 
where AE,. is the conduction-band discontinuity at the 
2D interface, e is the dielectric constant (E =13 for our 
1 —0.0 
BO 	100 	120 	I 0 141 0 	I 	160 	180 
Temperature (K) 
FIG. 7. (a) Experimental results (solid curves) of the 
tunneling-assisted capture from ungated VDP sample DD. 
Dashed curves are the calculated results from a realistic tun-
neling barrier. (b) 'The parameters Al io and N, used in the cal-
culation of (a)_ Mc experimental data of the sheet number 
density N, before each decay, and the temperature dependence 
of the bulk ionized-donor density N, from other work is also` 
presented. 
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TABLE III. The fitted values of N, 0 (refilled electron density 
of a single donor-atom layer) and the fitted values of M (the to-
tal number of ionized donor-atom layers) from the data in Fig. 
7(a). The ionized-donor densities N, calculated from the value 




(109 cm -2 ) M 
N, 
(10" cm -3 ) 
86 0.9 105 2.27 
107 1.0 104 2.30 
130 1.9 102 2.38 
160 2.9 78 3.61 
170 3.1 70 4.25 
178 3.3 61 5.21 
case), L is the thickness of the undoped spacer layer, and 
M is the total number of ionized-donor-atom layers such 
that Md is the depletion width. From (19) and (20), we 
can calculate the value of U 0 and N, by choosing the 
value of M. The lifetime of the tunneling-assisted cap-
ture into the first layer is selected to be 10 msec (the tun-
neling barrier in the undoped layer and the lifetime of a 
shallow donor are not very temperature sensitive). Us-
ing formulas (13), (15), and (16) for a fixed conduction-
band discontinuity, the overall variation of K(t) with 
time is determined by the ionized-donor density N E (con-
sequently the depletion width), but the amplitude of 
K(t) is determined by the values of N10 . The fitted 
values of N10 and the corresponding values of M and N, 
found from the fit at different temperatures are shown in 
Table III. The theoretical calculation fits the data fairly 
well, and the parameters are consistent with the doping 
density of 1X 10 18 cm -3, which gives a maximum value 
of NE .---1x10 18 cm -3 and a corresponding maximum 
Ni-0 =2.8x 10 10 cm -2 . 
This variation in the fitting parameters N 10 and N 1 re-
quires a depletion width which increases with increasing 
temperature, which is consistent with the following in-
dependent check. The temperature dependence of the 
parameters N, 0 and N1 used to fit data in Fig. 7(a) are 
shown in Fig. 7(b). The measured sheet number density 
N, before each decay is also plotted for comparison. 
The value of N, is generally an increasing function of N1 
in the doped supply layer with increasing temperature, 
and Fig. 7(b) shows the same behavior for N, and fitting 
parameters N10 and N E . In Fig. 7(b), the temperature 
dependence of the bulk As ionized-donor den-
sity with an Al fraction of x =0.34 and doping density 
of 1.7x 10 17 cm -3 is also presented, 25 which also shows 
a similar temperature dependence. 
IV. CONCLUSION 
We have introduced a method for separating 
multiple-rate decay mechanisms in persistent photocon-
ductivity (PPC) decay of GaAs/Al x Ga i _„ As hetero-
structure. The derivative of the decay of measured con-
ductivity, or carrier number density with respect to the 
logarithm of time shows a slowly varied base-line struc-
ture with some pronounced peaks. The temperature 
dependence of the varied base line agrees with the tem-
perature dependence of the tunneling barrier. The tem-
perature dependence of the base-line structure and the 
positions of the pronounced peaks were analyzed to yield 
two distinctly different classes of decay mechanisms: a 
high-activation-energy, short-prefactor time mechanism 
associated with the DX center in doped AlGaAs, and a 
low-activation-energy, long-prefactor mechanism associ-
ated with tunneling-assisted recombination of 2DEG 
electrons across the macroscopic barrier between GaAs 
and Al, Ga _ x As. 
The collected evidence from this work demonstrates 
that the combination of measured capture energies and 
lifetime prefactors can distinguish the microscopic 
mechanisms (direct capture) for PPC decay in the doped 
layer from other capture mechanisms. (1) The short-
lifetime prefactor (10 -8 -10 -10 sec) and associated cap-
ture energies are in good agreement with results from 
other work on the DX-center capture mechanism. 11 ' 19 
 These short-lifetime prefactors compare with prefactors 
longer by as much as 10 orders of magnitude at adjacent 
temperatures (Fig. 5), which can be identified as 
tunneling-related photoconductance decay of 2D elec-
trons into shallow or deep donors in the A1GaAs layer. 
(2) The gate bias does not change the electric field within 
the GaAs buffer region. So the mechanism with a 
short-lifetime prefactor cannot lie on the GaAs side of 
the heterojunction because of the observed strong gate-
bias dependence and the doping-density dependence of 
the decay magnitude. 
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